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ABSTRACT 
Antarctic seabirds including Adelie penguins (Pygoscelis adeliae), south polar 
skuas (Catharacta maccormicki), southern giant petrels (Macronectes gigantus) are high 
trophic level predators that accumulate persistent organic pollutants (POPs) present in the 
food webs in which they forage. Little is known about the levels of POPs in some 
Antarctic organisms (e.g. southern giant petrels), as well as the long-term trends of POPs 
in the Antarctic ecosystem. Samples from all three seabird species were collected post 
mortem, including eggs, from the Western Antarctic Peninsula (WAP) and in the Ross 
Sea throughout the austral summer breeding seasons of 2004-2006. The samples were 
analyzed for C and N stable isotopes and POPs including organochlorine pesticides, 
polychlorinated biphenyls (PCBs), and brominated diphenyl ethers (BDEs). The 
objectives of this study were to: (1) evaluate the long-term trends of POP residues in 
Adelie penguins, (2) compare POP levels within livers of the three seabird species based 
on migratory patterns and trophic level using stable isotope analysis of 815N and 813C, 
and (3) demonstrate POPs can be used as tracers of Antarctic seabird ecology. POPs in 
Antarctic biota were first evaluated using Adelie penguin tissues and a long-term analysis 
including data from the current study showed 2:DDT has not declined in WAP penguins 
for more than 30 years. Indeed, the presence ofp,p'-DDT in these birds indicates that 
there is a current source of DDT to the W AP marine food web, and both measurements 
and calculations suggest that this source of DDT is related to climate driven 
environmental change in the region. A more broad analysis including all three seabird 
species showed 2:PCBs, 2:DDTs, 2:chlordanes and mirex are 3 - 100 times higher in 
migratory seabird livers than the endemic penguins, while hexachlorobenzene (HCB) 
exhibits no difference in concentration between the three seabird species. Model 
predictions compared to measured output of 813C and 813N indicate a stronger correlation 
between 813C and less volatile POP concentrations demonstrating the heavy influence of 
winter migration on the contaminant loads of seabirds that breed in Antarctica. Finally, 
discrepancies in POP ratios between migratory and endemic seabird eggs and fat in 
combination with stable isotope signatures gave insight into seabird evolutionary 
breeding strategies. For example, the relative abundance of2:PCBs was highest in south 
polar skua eggs and endogenous lipid input into skua eggs was estimated at >79% by 
examining discrepancies in contaminant ratios. The combined stable isotope and 
contaminant data indicate that south polar skuas and southern giant petrels employee 
different combinations of income and capital breeding strategies. 
Heidi N. Geisz 
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Environmental Change and Antarctic Seabird Ecology 
CHAPTER 1 
General Introduction 
2 
Antarctica is often referred to as the last pristine environment; however, an 
increasing body of evidence suggests this is inaccurate. Circumpolar long-term research 
indicates that recent changes in the global climate, potentially driven by anthropogenic 
influences, are particularly acute in Antarctica. For example, warming of the regional 
climate has been correlated with perturbations throughout the sea-ice dominated 
ecosystem along the Western Antarctic Peninsula (Ducklow et al., 2007; Montes-Hugo et 
al., 2009). Avian pox, diagnosed in 23 bird orders worldwide, has also been recently 
documented on the Antarctic continent (Sheam-Bochsler et al., 2008). Pertinent to the 
proposed research is the presence of persistent organic pollutants (POPs) in all levels of 
the Antarctic ecosystem, particularly higher predators. 
POPs are produced and used primarily in industrialized countries and demonstrate 
four major characteristics: persistence in the environment, a high level of toxicity, 
affinity for fat, and a tendency to be transferred globally. POPs primarily reach polar 
areas by long-range atmospheric transport (Wania & Mackay, 1996). Atmospheric 
conditions, such as temperature, and the physical-chemical characteristics of the 
compound contribute to transport toward the poles, and it has been suggested that 
sufficiently high vapor pressure allows relatively volatile chemicals to evaporate in 
warmer climates, travel through the atmosphere and condense in cooler areas such that 
POPs are subject to 'global fractionation' whereby heavy compounds with low vapor 
pressures are deposited closer to source regions while lighter more volatile compounds 
undergo atmospheric transport toward polar regions (Wania & Mackay, 1996). For 
example, hexachlorobenzene (HCB; Figure 1 ), a ubiquitous pesticide and fungicide first 
introduced in 1945, shows relatively high mobility in the global environment via 
3 
volatilization (Figure 1; Ritter et al., 1995; Baily, 2001; Connell et al., 1999). Evidence 
for the high mobility and global transport ofHCB is provided by a world-wide tree bark 
study that found inverted latitudinal concentration gradients of this POP (Simonich & 
Hites, 1995), and more recently, by the continued detection of HCB in Antarctic air 
(Dickhut et al., 2005). In contrast, DDT and its derivatives, along with moderately 
substituted polychlorinated biphenyls (PCBs with 4 to 8 chlorines) and mirex (Figure 1) 
are less volatile and thus, travel more slowly toward the poles (Wania & MacKay, 1996; 
Wania, 1997; Weber & Goerke, 2003). Finally, POPs that demonstrate very little 
movement in the atmosphere include heavily substituted PCBs (e.g. decachlorobiphenyl; 
Figure 1 ). Ecosystem contamination by these congeners is generally greater in the 
vicinity of pollutant sources or facilitated by some biogenic vector, such as migratory 
birds. 
Established with the discovery of reproductive disruption correlated to DDT 
exposure in bald eagles (Haliaeetus leucocephalus), toxic effects of POPs on birds have 
been documented since the 1950s (Walker, 1990; Lecher et al., 2010). Eggshell thinning 
linked to DDE (a derivative of DDT) exposure was determined the major culprit of egg 
failure in birds of prey, yet the discovery of PCB in the same eggs revealed a new route 
for toxicity and illustrated a potential for the synergistic effects of multiple toxins 
(Grasman et al., 1998). For example, HCB was shown to have the greatest disruption to 
herring gull (Larus argentatus) embryonic development during a controlled study 
including PCBs and DDTs (Boersma & Ellenton, 1986). Though restrictions initiated in 
the 1960s and '70s on DDT and PCB use have reduced local source exposure, continued 
research illuminates new physiological and potential population level effects in seabirds 
4 
due to prolonged exposure (Focardi et al. 1992, De Roode et al., 2002, Fisk eta!., 2005; 
Lecher et al., 2010). 
Other compounds that will be discussed in this study include chlordanes, which 
are widely applied insecticides with compounds that demonstrate preferential transport to 
polar regions and a high tendency to bioaccumulate in higher trophic level wildlife 
(Kawano et al., 1988; Connell eta!., 1999). Similar to other POPs, high levels of 
chlordane have been related to immunosuppression in biota, including seabirds (Lecher et 
al., 201 0). Mirex is also primarily an insecticide but has found use as a fire retardant and 
like DDT, is still being applied in the Southern Hemisphere (Ritter eta!., 1995). Both 
chlordanes and mirex are found to sorb to aquatic particulates and are transported to 
benthic regions posing a greater risk to biota feeding in these regions (Ritter eta!., 1995; 
Goerke eta!., 2004). 
Few studies have directly documented adverse effects due to contaminant 
exposure in Antarctic seabirds. South polar skuas have some of the highest levels of 
POPs analyzed in Antarctic biota and have demonstrated hepatic enzyme activity by 
mixed function oxidase induction on the same order of magnitude as northern larids (both 
of the Order Charadriformes ), indicative of measurable sublethal effects of contaminants 
(Focardi eta!., 1992; Court eta!., 1997). Indeed, a recent study by Bustnes eta!. (2007) 
found decreases in south polar skua reproductive performance correlated with high levels 
of POPs. Moreover, long-term exposure in Arctic wildlife has shown physiological and 
population level effects such as immunosuppression, which increases the susceptibility of 
animals to infectious diseases (Fisk eta!., 2005). Similarly, Verreault et al. (2007) 
provide evidence linking organochlorine contamination in glaucous gulls (Larus 
5 
hyperboreus) to a decrease in basal metabolic rate, which may have direct implications 
particularly for polar seabirds. The propensity of POPs, particularly non-metabolizable 
chemical species, to accumulate in lipids makes the potential effects of long-term 
exposure in high fat polar organisms compelling. Antarctic seabirds rely on fat stores to 
mitigate cold temperatures and seasonal decreases in food acquisition or availability 
(Johnson et al., 1973; Ainley & DeLeiris, 2002; Furness, 1987; Conroy, 1972). 
Therefore, physiological characteristics of survival in polar regions may increase the 
susceptibility of Antarctic seabirds to contaminant loading and effects. 
Given the potential for adverse impacts, it is beneficial to understand the long-
term trends of POPs in Antarctic wildlife. DDT and its derivatives have been detected in 
Antarctic wildlife since an initial study by Sladen et al. in 1966. Following the discovery 
of DDT in Antarctica, PCBs were identified in Adelie penguins breeding on the Antarctic 
Peninsula in the mid-1970s (Risebrough et al., 1976). However, little is known about the 
long-term trends of POPs in Antarctic populations. Once deposited in Antarctic coastal 
regions, POPs are taken up by phytoplankton and sea ice microbial communities 
(Chiuchiolo et al. 2004), and due to the stability and lipophilic nature of POPs, they 
bioaccumulate in organisms and biomagnifY in higher trophic level animals. In order to 
fully understand the impacts of pollutants on this fragile ecosystem, continued 
investigations of POPs in Antarctic populations are necessary. Nevertheless, in the 
absence of evidence for direct toxic effects, it has also recently been demonstrated that 
POPs can be used as tracers of the feeding ecology ofhigh trophic level predators (Fisk 
et al. 2002; Herman et al., 2005; Krahn et al., 2008). For example, contaminant profiles 
in North Pacific killer whales were added to information gained by fatty acid and stable 
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isotope analysis to tease apart the foraging habitats of three populations (Herman et al., 
2005; Krahn et al., 2008). In addition, Hobson (1999) suggested that POPs may be 
useful ecological tracers for birds that migrate and feed in food webs with markedly 
different POP concentrations. 
Antarctic seabirds provide an interesting and powerful medium for investigating 
the interplay of migratory behavior, trophic position and other ecological factors on POP 
bioaccumulation. The seabird component ofthe Western Antarctic Peninsula (WAP) 
Long Term Ecological Research (LTER) project, using satellite telemetry and diet 
sampling techniques, has built on a continuing investigation of winter and summer 
foraging patterns of several species of Antarctic seabirds. Banding studies reveal south 
polar skuas are transequatorial migrants that forage locally in Antarctica during the 
austral summer (Furness, 1987; Parmalee, 1992). Building on banding studies, satellite 
telemetry studies demonstrate giant petrels spend austral winters in more northern 
portions of the Southern Hemisphere and forage along the ice edge and locally in 
Antarctica during the summer breeding season (Patterson-Fraser in comms., Parmalee, 
1992; Patterson & Hunter, 2000). In contrast to the giant petrels and skuas, Adelie 
penguins remain in Antarctica throughout the year feeding close to breeding colonies in 
the summer and following the ice edge in the winter (Ainley & Leiris, 2002; Fraser & 
Hoffman 2003; Erdman et al., in press). Observation and diet sample analysis have 
revealed skuas and petrels are both scavengers and predators, while Adelies tend to be 
more krill-dependent (Pietz 1987; Parmelee &Parmelee, 1987; Fraser & Trivelpiece, 
1996; Fraser & Hofmann, 2003; Young, 1963; Furness, 1987; Reinhardt et al., 2000). 
Exhibiting a proclivity for predatory behavior, petrels consume a broad range of food 
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items including, penguins, smaller petrels, seal and whale carrion, cephalopods, 
crustaceans and fish (Hunter, 1983; Parmelee, 1992; Conroy, 1972; Warham, 1962). 
Sexual dimorphism in this species drives the larger male to dominate carrion and 
vertebrate prey while females are found to forage primarily on pelagic invertebrates 
(Hunter, 1983; Hunter, 1987; Gonzales-Solis et al., 2000; Gonzales-Solis et al., 2002; 
Gonzales-Soliz et al., 2008; Forero et al., 2005). Prey availability for south polar skuas 
varies widely in penguin rookeries, particularly in the presence of other skua species, and 
may drive the majority of south polar skuas to prey on seafood, primarily fish (P. 
antarcticum and Electrona Antarctica) in some areas during the Antarctic breeding 
season (Pietz, 1987;Reinhardt et al., 2000; Montalti et al., 2009; Malzof & Quintana et 
al., 2008; Fraser in comms.). Stable isotope analysis, particularly 815N and 813C, has 
proven a valuable tool for further assessing avian diets illustrating, for example, 
differences in Adelie penguin prey in the Ross Sea (Ainley et al., 2003). In concert with 
contaminant data, stable isotope signatures have been used as tracers, addressing prey 
location and nutrient acquisition and allocation in the Greenland shark (Fisk, et al., 
2002). Application of this dual approach to resolving ecological questions may provide 
novel insight into Antarctic seabird feeding ecology in addition to furthering our 
understanding of how contaminants move through the Antarctic ecosystem. 
Structure of dissertation 
In the following chapters, I present results and interpretation of POP and stable 
isotope analyses of tissues and eggs collected from Adelie penguins, south polar skuas 
and southern giant petrels, breeding in Antarctica from 2004-2006. The three primary 
research chapters presented are written in formats for journal publication. 
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In Chapter 2, I examine the long-terms trends of:LDDT (p,p'-DDT + p,p'-DDE) 
in Adelie penguins finding they have reached a steady state in both eggs and fat tissues 
indicating a current source for :LDDT to the Antarctic marine ecosystem. I discuss 
glacier melt-water as the likely source for DDT contamination into coastal waters along 
the Western Antarctic Ice Sheet (Geisz et al., 2008). 
In Chapters 3 and 4, I examine tissue stable isotope signatures of nitrogen and 
carbon, 815N and 813C, in combination with POP concentrations in a variety oftissues 
from the three Antarctic seabird species based on migratory patterns and trophic level. 
Chapter 3 focuses on POPs and stable isotopes in seabird livers and I discuss mechanisms 
to explain the observed significant correlations between o13C and less volatile POP 
concentrations indicating the heavy influence of winter migration and feeding location on 
the contaminant loads of seabirds that breed in Antarctica. 
Finally, in Chapter 4, I discuss stable isotope signatures and POP concentrations 
in the seabird eggs in relation to tissues of adult seabirds. Here, I use discrepancies in the 
ratios of POPs and stable isotopes between bird species, and between adult body tissues 
and eggs within each species, to model nutrient input into Antarctic seabird eggs. 
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ABSTRACT 
Persistent organic pollutants reach polar regions by long-range atmospheric transport and 
biomagnify through the food web accumulating in higher trophic level predators. We 
analyzed Addie penguin (Pygoscelis adeliae) samples collected from 2004-2006 to 
evaluate current levels ofL:DDT (p,p'-DDT + p,p'-DDE) in these birds, which are 
confined to Antarctica. Ratios of p,p' -DDT to p,p' -DDE in Adelie penguins have 
declined significantly since 1964 indicating current exposure to old rather than new 
sources of L:DDT. However, L:DDT has not declined in Adelie penguins from the 
Western Antarctic Peninsula for more than 30 years and the presence ofp,p'-DDT in 
these birds indicates that there is a current source of DDT to the Antarctic marine food 
web. DDT has been banned or severely restricted since peak use in the 1970s, 
implicating glacier melt-water as a likely source for DDT contamination in coastal 
Antarctic seas. Our estimates indicate that 1-4 kg·y·1 L:DDT are currently being released 
into coastal waters along the Western Antarctic Ice Sheet due to glacier ablation. 
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INTRODUCTION 
Antarctica is often referred to as the last pristine environment (I); however, an 
increasing body of evidence suggests this is inaccurate. Circumpolar long-term research 
indicates that recent changes in the global climate, driven by anthropogenic influences, 
are particularly acute in Antarctica. For example, warming of the regional climate has 
been correlated with perturbations throughout the sea-ice dominated ecosystem along the 
Western Antarctic Peninsula (2). A less-studied anthropogenic impact on the Antarctic 
ecosystem is the bioaccumulation and biomagnification of persistent organic pollutants 
(POPs) in apex predators. 
Contaminants reach polar regions by long-range atmospheric transport where 
snow, ice and associated microbial communities serve as conduits for introducing them 
into the marine ecosystem (3-5). Lipophilic POPs accumulate in fatty tissues of 
organisms and may biomagnify posing a risk to higher trophic level organisms. Although 
adverse effects due to contaminant exposure have never been documented in Antarctic 
seabirds, long-term exposure in Arctic wildlife has shown physiological and population 
level effects such as immunosuppression, which increases the susceptibility of animals to 
infectious diseases (6). Additionally, Verreault et al. provide evidence linking 
organochlorine contamination in glaucous gulls (Larus hyperboreus) to a decrease in 
basal metabolic rate, which may have direct implications particularly for polar seabirds 
(7). Resident Antarctic seabirds, such as Adelie penguins, rely on fat stores to mitigate 
cold temperatures and seasonal decreases in food procurement or availability ( 8, 9). 
Therefore, physiological characteristics of survival in polar regions may increase the 
susceptibility of Antarctic penguins to contaminant loading and effects. 
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Adelie penguins are one of two truly Antarctic species of penguin foraging close 
to breeding colonies in the summer and following the sea ice edge in the winter (9-12). 
The Antarctic food web is relatively short with the majority of higher trophic level 
organisms relying heavily on krill (Euphausia superba and E. crystallorophias). 
Restricted south of the Antarctic convergence, these birds provide an excellent species to 
examine baseline pollution levels and long-term trends of contaminants in the Southern 
Ocean ecosystem (13-15). 
DDT and its derivatives were first measured in Adelie penguins by Sladen et al. 
in 1964 (14), yet little is known about the long-term trends of contaminants like DDT in 
Antarctic populations. The objective of our study was to evaluate the current levels of 
LDDT (p,p' -DDT+ p,p' -DDE) in a resident Antarctic apex predator, the Adelie penguin. 
We hypothesized that as production and use oflegacy POPs wanes, metabolic loss will 
exceed bioaccumulation in Antarctic penguins. Therefore, LDDT levels in Adelie 
penguin tissues will have declined with time unless there are "new" or continuing inputs 
of DDT to the Antarctic marine ecosystem. 
EXPERIMENTAL SECTION 
Study sites. Collection of Adelie penguin (Pygoscelis adeliae) carcasses concentrated in 
two areas ofthe Antarctic: the Palmer Archipelago at 64° 46' S, 64° 03' W (n = 8; 1 
male, 7 females) in 2004 and Cape Crozier, Ross Island at 77o 26' S, 169° 12' E (n = 5; 2 
males, 3 females) in 2006 (Figure 1). Additionally, addled and frozen eggs were collected 
from the Palmer area (n = 27) in 2004-2005 and Cape Royds, Ross Island at 77°33' S, 
166°9' E (n = 5) in 2006. 
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Historical data was also collected at the following stations: the Palmer 
Archipelago at 64° 46'S, 64° 03' W (4), Cape Crozier, Ross Island at 77° 26'S, 169° 12' 
E (14), Rumpa Island, Syowa Station, Japan at 69° 00' S, 39° 35' E (16), (Figure 1). 
Sample Collection. Necropsy dissections were performed on carcasses collected under 
recovery permits (OPP NSF). All animals were collected post mortem, thus no animals 
were sacrificed for this project. From each bird, samples of subcutaneous fat were 
collected in lanced slices using acetone cleaned stainless steel instruments. The samples 
were frozen at -70 oc in pre-combusted ( 4 hrs @ 400°C) jars until analysis. 
Analysis. Tissues were analyzed for p,p'- DDT and its primary derivative p,p'- DDE. 
The analytical methods used were modifications of methods developed to measure 
pesticide residues in phytoplankton and krill (3). Given the high lipid content, egg yolk 
was analyzed when possible; otherwise, eggs were homogenized and subsampled. 
Though percent lipid was significantly higher in egg yolk than in whole egg samples (p = 
0.01), p,p'-DDE on a ng·g-1-lipid basis did not differ in the two tissue types (p = 0.38) 
showing no difference in the storage capacity of these tissues. Fat(~ 1-2 g wet weight) 
and egg (~3-5 g wet weight) samples were homogenized, subsampled and freeze-dried at 
-80°C for 72 hours using a Labconco™ Freezone 6 Plus. Each sample was thoroughly 
mixed with pre-combusted ( 4 hrs @ 400 °C) Varian TM Chern Tube-Hydromatrix to 
remove water. A surrogate standard containing deuterated a-hexachlorocyclohexane (a-
HCH) and 2,2' ,3,4,4' ,5,6,6'- octachlorobiphenyl (PCB-204, a non-commercially 
produced congener) was added. Samples were then extracted with 40 ml of pesticide 
grade 65:35 (v/v) dichloromethane (DCM):acetone via accelerated solvent extraction 
(Dionex ASE 200 Accelerated Solvent Extractor: 1800 psi; 80°C; 2 cycles). The extracts 
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were reduced in volume to 5 ml by turbo evaporation (Zymark® Turbo Evap II) followed 
by blow down with ultra-high purity N2. 
Bulk lipid content was determined gravimetrically on each 5 ml sample extract in 
triplicate. Lipid content was calculated as the mass fraction of residue in a 20)11 aliquot 
of the solvent extract after evaporation. Following bulk lipid analysis, the sample tubes 
were placed in an ice water bath and H2S04 was added drop-wise to prevent heat build up 
from the exothermic oxidation of the organic material, vortexed to remove lipids, and the 
hexane fraction was collected. Two additional hexane rinses ( ~3 ml) were added to the 
acid/lipid layer followed by vortexing and the combined hexane extracts were reduced 
under N2 to 3 ml and the acid extraction steps were repeated a second time. Further 
sample clean up was performed by passing a final1 ml extract through a column 
containing 8.5 g pre-cleaned (Soxhlet extracted with DCM for 24 hrs) deactivated silica 
(mesh size 100-200) with 2 g pre-cleaned (4 hrs@ 400°C) Na2S04 added on top for 
removal of remaining undesired substances. Eluents of25ml hexane, 50 ml of 40:10 
(v/v) DCM:hexane followed by an additional25ml hexane were collected and reduced by 
turbo evaporation under N2 to 1 ml. Deuterated lindane was added as an internal 
standard. Extracts were further blown down under N2 to 100 )11. 
Samples were analyzed via gas chromatography/negative chemical ionization 
mass spectrometry (Hewlett Packard 6890 Series GC system/Hewlett Packard 5973 Mass 
Selective Detector) using a J&W DB-XLB narrow bore capillary column (30m length, 
0.25 mm diameter, 0.25)1m film thickness) and selective ion monitoring. Method 
parameters for pesticide analysis were: 50°C, initial hold time of 1 min; 50-170°C @ 
20°C min-I; 170-310°C@ 5° C min-I, hold for 5 min; MS source temperature 150°C; MS 
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quad temperature of 130°C. Helium was the carrier gas at 1.1 ml min-1 with a velocity of 
39 em s-1• Research grade methane was the reagent gas. 
Targeted contaminants were quantified relative to the surrogate standards using 
peak areas and relative response factors generated by analysis of quantitative standards 
and reported per unit of lipid biomass (ng·g-lipid-1). Average DDT derivative 
concentrations in samples were compared to lipid normalized lab blanks reporting only 
values that were> 3x blank quantities. I:DDT, primarily p,p' -DDE was detected in all 
samples analyzed (see supporting information). The method detection limits for p,p'-
DDT and p,p'-DDE were 1 ng·g-lipid-1 and 8 ng·g-lipid-1, respectively, and surrogate 
standard recoveries averaged 63(±13)% and 81(±22)% for eggs and fat, respectively. 
Data Analysis. 
To compare I:DDT in adult Adelie penguins, the mass weighted mean (MWM) of I:DDT 
in Adelie penguin fat for each study was calculated using (1 7): 
n 
IMJCl 
MWM[C] = ...:;:i='-'--1 n--
LM, 
1=1 
Eq. 1 
where C = ln(I:DDT), Mi is the mass (g) of bird specimen i, [C] i = ln(I:DDT) for bird i, 
and n is the number of birds. The variance was calculated as: 
X 
n ~M,' [C];{~M, [C],J 
n (n -1) Eq. 2 Var(MWM)= 
n 
(17). 
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Unpaired or paired (where appropriate) t-tests were performed to compare 
geometric means (eggs) or MWM (fat) values using Sigma Plot 9.0. 
RESULTS AND DISCUSSION 
I:DDT in Adelie Penguin Eggs. No p,p'-DDT was detected in any ofthe egg samples. 
The geometric mean concentration ofp,p'-DDE in Adelie penguin eggs from the Palmer 
Archipelago was 170 ng·g-lipid-1 (range= 58.5 to 755 ng·g-lipid-1, n = 17) in 2004, and 
177 ng·g-lipid-1 (range= 61.9 to 136 ng·g-lipid-1, n = 10) in 2005. There was no 
significant difference (p = 0.7, df= 25), between p,p'-DDE in Adelie penguin eggs 
collected in 2004 and 2005 from the Palmer area. The geometric mean concentration of 
p,p'-DDE in Adelie penguin eggs from Cape Royds was 158 ng·g-lipid-1 (range= 73.0 to 
176 ng·g-lipid-1, n = 17) in 2006, and there was no significant difference in p,p' -DDE 
levels between the two collection locations ofthe current study (p = 0.7, df= 30). 
A pooled comparison of the current Palmer geometric means (2004-2005) with 
data collected by Risebrough et al. ( 4) in 1970, 1974 and 1975 indicates that levels of 
p,p'-DDE, the primary and persistent metabolite of DDT, in Adelie penguin eggs from 
the Palmer area have not declined since 1970 (p = 0.6). However, Risebrough et al. ( 4), 
did not report sample recoveries rendering evaluation of the long-term change in 
p,p'DDE in Adelie penguin eggs questionable. A sensitivity analysis indicates that 
recoveries for this historical egg data would have to have been consistently <53% for a 
significant decrease in p,p'DDE in Adelie penguin eggs from 1970 to 2005 to be 
observed. However, an intercalibration study of International Decade of Ocean 
Exploration investigators, including Risebrough et al. ( 4), demonstrated that the accuracy 
of1:DDT (DDT +DDE +DDD) measurements ranged from 74-100% (18). Though p,p'-
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DDT was detected in penguin eggs during the 1970s the levels were reported to be only a 
small fraction ofthe concentration ofp,p'-DDE (4). Consequently, comparison of egg 
data from the present study to the data ofRisebrough et al. ( 4) indicates that p,p'DDE 
levels have not declined in the Palmer population of Adelie penguins in more than 30 
years. In contrast, LDDT decreased significantly from 1975 to 2003 in Arctic seabird 
eggs with half-lives of9-20 years (19,20). In the absence of current sources, LDDT in 
penguin eggs would likewise decline. 
LDDT in Adelie Penguin Fat. In adult Adelie penguins, 75-90% of the LDDT body 
burden is contained in subcutaneous fat and a time series analysis over a breeding season 
found that LDDT in penguin fat was significantly higher in fasting animals (16). 
Consequently, bird mass is found to be a significant predictor ofLDDT concentrations in 
Adelie penguins with LDDT in penguins increasing as body weight declines (Figure 2). 
Therefore, we calculated mass weighted mean (MWM) concentrations for LDDT in 
Adelie penguin fat samples in order to compare our results between sites and to previous 
studies. 
The MWM ofLDDT in the fat of Adelie penguins from the Palmer Archipelago 
was 207 ng·g-lipid-1 (range= 105 to 312 ng·g-lipid-1, n = 8; 1 male, 7 females), whereas 
the MWM ofLDDT in the fat of Adelie penguins from Cape Crozier was 262 ng·g-lipid-1 
(range= 101 to 450 ng·g-lipid-1, n = 5; 2 males, 3 females). Though female Adelies only 
lose 4% oftotal body burden ofp,p'-DDE to egg laying each year (21), male and female 
Addie penguins alternately fluctuate in body mass over a breeding season causing 
contaminant comparisons on a per lipid basis to show significant differences at specific 
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instances during reproduction (16, 22). However, birds used in this study were integrated 
throughout the breeding season and comparative analyses of I.DDT MWM in penguin fat 
using pooled variance non-parametric statistics showed no significant difference (p = 
0.08) between males and females in both this study and the study of Submaranian et al. 
(16) with n = 5 males and n = 5 females. Likewise, Adelies downed by trauma (n = 4) in 
the current study did not differ in I.DDT MWM from those that apparently died of slow 
starvation (n = 7; p = 0.4). 
The MWM ofi.DDT in the fat of Adelie penguins from Cape Crozier measured 
in 2006 was significantly higher (p = <0.0005) than that measured by Sladen et al. (14) in 
Adelie penguins from the same site in 1964. As noted above, sample recoveries were not 
reported in the previous studies ( 4, 14) rendering evaluation of changes in I.DDT in 
Adelie penguins with time questionable. However, the penguin samples collected in 
1964 were analyzed in two separate labs using different methods to verify the results 
(14). The 1964 data, however, were not reported on a per lipid basis and were lipid 
normalized for the present analysis using a mean lipid fraction (70(±13%)) calculated 
from the values in this study (n = 13) averaged with those from the literature (n = 10; 16). 
This normalization is conservative in that it increases the measured I.DDT reported on a 
wet weight basis (14) lessening the likelihood that the earlier data would be found to be 
significantly lower than the current I.DDT levels. As with the egg data, a sensitivity 
analysis indicates that recoveries for the historical data of Sladen et al. (14) would need to 
have been consistently <24% for a significant decrease in I.DDT levels in Adelie penguin 
fat to have been observed between 1964 and 2006. 
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The observed increase in :LDDT in Adelie penguins from 1964 to 2006 is 
predicted using a steady-state bioaccumulation model. As applied to Adelie penguin 
tissues following large-scale global use of DDT beginning in 194 7: 
dCADPE 
dt = kup CPREY - kelim C ADPE Eq. 3 
or 
k C =~C (1-e·kclimt) 
ADPE k PREY 
elim 
Eq. 4 
where CADPE is :LDDT MWM concentration, tis time (y), kup and keiim are the uptake and 
elimination rate constants, respectively, and CPREY is the concentration of:LDDT in 
penguin prey. Model values derived from the literature include ke!im, which is calculated 
as 0.055 y"1, or the average elimination rate constant for :LDDT from three Arctic seabird 
species (thick-billed murre (Uria lomvia), northern fulmar (Fulmarus glacialis) and 
black-legged kittiwake (Rissa tridactyla) (19, 20), and CrREY = 0.18 ng·g-lipid-1 as 
measured for E. superba (24). The uptake rate constant (kup) was calculated using Eq. 4 
assuming that :LDDT in Adelie penguins is currently at steady state (dCADPE/dt = 0) with 
CADPE = 262 ng·g-lipid-1 (MWM for 2006). The value for CrREY applied to the model is 
limited to zooplankton, yet values for fish in the same ocean basin are on the same order 
of magnitude and model outputs including fish concentrations remain unchanged (24). 
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The model predictions match observed concentrations well (Figure 3), supporting 
the assumption of steady state levels for LDDT in Adelie penguins at present. This is 
consistent with the observation of no significant change in p,p' -DDE in Adelie penguin 
eggs at Palmer since 1970. Alternatively, LDDT concentrations in the Cape Crozier 
population of Adelie penguins may have peaked and subsequently declined between 1964 
and 2006. However, there is no significant difference (p = 0.18) between the MWM of 
LDDT in Adelie penguins collected in 1981 from Synowa Station (Figure 1; 16) and 
Cape Crozier Adelie penguins collected in 2006. 
Cape Crozier Adelie penguins apparently feed at a higher trophic level than 
Palmer Adelie penguins (815N = 10.36 and 8.97, respectively; Geisz eta!. unpublished) 
yet, there was no significant difference in LDDT MWM between populations (p = 0.1 ). 
Adelie penguins are a sea-ice dependent species that currently forage primarily on E. 
superba in the northwestern Antarctic peninsular region, yet around continental 
Antarctica, their diet is dominated by E. superba, E. crystallorophias and a fish species, 
Pleuragramma antarcticum (9-11, 23). Therefore, the lack of a significant difference in 
LDDT in both eggs and fat of adult birds between the Palmer and Cape Crozier 
populations of Adelie penguins indicates that both populations accumulate similar levels 
of LDDT even though the Palmer birds are feeding at a lower trophic level. 
Finally, p,p'-DDT/p,p'-DDE ratios< 1.0 for several Antarctic organisms, 
including Adelie penguin eggs, suggest contamination by old DDT (24). Indeed, the 
p,p'-DDT/p,p'-DDE ratio measured in Adelie penguins has significantly declined since 
1964 (Figure 4), indicating a predominance of old rather than new sources of LDDT in 
the Antarctic marine food web. Nonetheless, p,p'-DDT was detected in 7 of8 birds from 
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Palmer Station, but was not detected in any penguins collected from Cape Crozier. The 
presence of p,p'-DDT in Palmer birds indicates exposure to a "fresh" source of DDT. 
Glacier Melting as a Potential Source for LDDT to the Antarctic Marine Food Web. 
DDT has been banned in the northern hemisphere and regulated world-wide since 
the 1970s. Though DDT is still used in the Southern Hemisphere, current world usage is 
small (~1 kt·y-1) compared with historical use (>40 ktf1) from 1950 to 1980 (25). 
Accordingly, a temporal analysis of eggs collected from three Arctic seabird species by 
Braune et al. (19,20) found LDDT residues in thick-billed murres, northern fulmars and 
black-legged kittiwakes decreased significantly from 1975 to 2003 with halflives of20, 
13 and 9 years, respectively. Global use and emission of DDT have shown >90% and 
>80% decline since the late 1960s (25), yet in contrast to analogous Arctic species, 
LDDT levels in Adelie penguin eggs from the Palmer Archipelago reveal no change over 
the same time period. Though this is not necessarily surprising given the uninterrupted 
use of DDT in the Southern Hemisphere, air and water samples collected around Palmer 
Station in 2002 indicated there is very little recent DDT deposition in Antarctica, but 
measurable amounts of:LDDT in glacier melt-water in the area (3). 
Both Arctic and Antarctic lake systems exhibit elevated contaminant levels where 
hydrology is heavily influenced by glacial runoff (26,27). DDT and its derivatives, 
having relatively low volatility, partition onto the air-ice interface after snowfall, but sorb 
to organic material and particulates once the snow has melted (5). In 1975, LDDT (90% 
p,p'-DDT, 10% p,p'-DDE) was measured in snow down to 6 m below the surface on the 
Antarctic Peninsula ( 4). Using these data and a mean ice thickness of 1780 m (28), we 
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estimate that 3.6 metric tons ofLDDT may be stored in the Antarctic Peninsula ice sheet. 
In 2002, measurable levels ofLDDT with p,p'-DDT > p,p'-DDE were found in glacier 
runoff and more significantly, in near-shore plankton communities around Palmer Station 
(3). 
The implication of glacier melt-water as a source mechanism for organic 
contaminant exposure to Antarctic organisms has compelling consequences in light of 
recent global climate change. Average annual winter temperature on the Antarctic 
Peninsula has increased 6°C in the last 30 years (2), increasing the volume and frequency 
of glacier retreat and melt-water (29). In this region, there has been a transition from 
mean glacial growth (62% advancing in 1954) to retreat (87% retreating in 2004) (29). 
Jacobs et al. (30) also report a patent decrease in salinity of the Ross Sea implicating, at 
least in part, melting of the Western Antarctic Ice Sheet (WAIS) as a causal mechanism. 
A 1998 mass balance also demonstrated net loss of ice over the entire West Antarctic Ice 
Sheet, (210 Gtf1; 31). Snow collected in 1975 along the Western Antarctic Peninsula 
contained ~8130 ng·m-2 LDDT ( 4), combined with a mean ice thickness of 1780 m (28) 
and net loss of ice of210 Gt·y-1 (31) these data yield a LDDT flux of ~1 kg·y-1 to 
Antarctic coastal waters. Glacier melt-water collected in 2002 near Palmer Station 
contained 0.0187 ng·L-1 LDDT (3), which translates to a LDDT flux of ~4 kgf1 with 210 
Gt·y-1 ice lost (31). Thus, two independent measurements ofLDDT indicate that 1-4 
kg·y-1 LDDT are currently being released into the Antarctic marine environment due to 
glacier ablation. Our findings reveal an unexpected consequence of climate change and 
implicate glacier melt-water as a current source ofLDDT to the Antarctic marine food 
web. 
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Figure 1. Historical and current study sites circumpolar to the Antarctic continent. 
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Figure 2. LDDT concentrations in Adelie penguins versus bird mass. Cape Crozier 
1964 data (14); Rumpa Island, Syowa Station 1981 data (16). 
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Figure 3. Changes in mass weighted mean ( •) and predicted concentrations (curve) of 
'LDDT in Adelie penguin subcutaneous fat from 1947 to 2010. Predicted levels match 
measured values to within 10% for 2004-2006,34% in 1981 (16), and 44% in 1964 (14). 
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Figure 4. The ratio ofp, p'-DDT/p,p'-DDE (±std. dev.) in Adelie penguin eggs and 
subcutaneous fat. Squares indicate the Ross Sea region (14,24,32), circles represent data 
from the Palmer archipelago and the triangle is Syowa (33). Dark red filled shapes show 
the ratio for subcutaneous fat and light blue indicates egg data. Ratio values for samples 
in which p,p'-DDT was not detected were calculated using lipid corrected method 
detection limit values for p,p' -DDT. Note in 2006, the fat data point from the Ross Sea 
area overlays the egg data point. 
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Table Sl. Data used to calculate and compare mean values for LDDT in Adelie penguin 
subcutaneous fat from Palmer Station (PAL) and Cape Crozier (CC). The method 
detection limits for p,p' -DDT and p,p' -DDE were 1 and 8 ng·g-1-lipid, respectively, and 
surrogate standard recoveries averaged 81(±22)%. 
Year Location Gender Mass Lipid p,p'-DDT p,p'-DDE 
~9l ~% b:t massl ~n9 . 9 - 1 1i~idl ~ns·s-11i~idl 
2004 PAL F 4550 72.0 7.39 225 
2004 PAL F 2790 68.7 12.3 282 
2004 PAL F 3110 64.4 11.1 312 
2004 PAL M 3400 62.5 26.5 172 
2004 PAL F 4210 65.0 21.7 237 
2004 PAL F 4555 75.4 5.6 105 
2004 PAL F 3135 56.7 <MDL 192 
2004 PAL F 3465 40.1 1.1 174 
2006 cc F 3600 68.1 <MDL 136 
2006 cc F 3660 55.0 <MDL 450 
2006 cc F 4300 60.4 <MDL 273 
2006 cc M 4280 84.1 <MDL 100 
2006 cc M 3380 70.5 <MDL 383 
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Table S2. Data used to calculate and compare mean values for LDDT in Adelie penguin 
egg yolk and whole eggs from Palmer Station (PAL) and Cape Royds (CR). The method 
detection limit for p,p'- DDE was 8 ng·g-1-lipid, and surrogate standard recoveries 
averaged 63(±13)%. p,p'-DDT was not detected in the egg tissues. Though percent lipid 
was significantly higher in egg yolk than in whole egg samples (p=O.Ol), p,p'-DDE on a 
ng·g-1-lipid basis did not differ in the two tissue types (p=0.38) showing no difference in 
per-lipid the storage capacity of these tissues. 
Year Location Yolk (Y) or Lipid p,p' ODE (ng·g-11ipid) 
Whole E~~ ~~ ~%~ 
2004 PAL y 15.8 256 
2004 PAL y 20.4 156 
2004 PAL y 21.9 122 
2004 PAL y 15.7 156 
2004 PAL w 16.7 156 
2004 PAL w 7.3 129 
2004 PAL w 7.8 147 
2004 PAL w 18.0 458 
2004 PAL y 21.0 157 
2004 PAL y 20.7 118 
2004 PAL w 7.5 208 
2004 PAL y 18.6 103 
2004 PAL w 15.0 179 
2004 PAL y 12.8 109 
2004 PAL w 20.8 88.1 
2004 PAL w 7.0 516 
2004 PAL y 22.5 211 
2005 PAL w 12.6 137 
2005 PAL y 19.0 150 
2005 PAL w 10.5 153 
2005 PAL y 16.8 299 
2005 PAL y 9.9 127 
2005 PAL w 9.8 134 
2005 PAL y 11.2 145 
2005 PAL w 9.5 136 
2005 PAL y 5.0 126 
2005 PAL w 10.1 764 
2006 CR w 16.3 105 
2006 CR y 22.5 247 
2006 CR w 19.4 93.4 
2006 CR w 11.1 125 
2006 CR y 20.9 322 
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CHAPTER2.1 
Response to Comment on "Melting glaciers: a probable source of DDT to the 
Antarctic marine ecosystem" 
Heidi Geisz1*, Rebecca Dickhut1, Michele Cochran1, William Frasel, Hugh Ducklow3 
1Virginia Institute of Marine Science, Gloucester Point, VA 23062, USA 
2Polar Oceans Research Group, Sheridan, MT 59749, USA 
3Ecosystems Center, Marine Biological Laboratory, Woods Hole, MA 02543, USA 
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Van den Brink et al. (I) raise the following concerns regarding our article (2), and we 
respond as follows: 
LDDT meltwater dynamics 
Van den Brink et al. (I) incorrectly state that we used LDDT "concentrations in 
the precipitation during the time of widespread DDT usage" rather than the "average 
concentration ofLDDT in the ice sheet", to estimate LDDT flux to the coastal ocean due 
to glacier melting in Western Antarctic Ice Sheet (WAIS). In fact, we made a 
conservative estimate of the LDDT flux to the ocean by taking into account all ice loss to 
the W AIS including glacier basal meltwater, ice berg formation and surface melt in 
average calculations. Using existing data, (3) we developed an ice column inventory for 
LDDT and calculated that there is >8 !lg LDDT/m2 in glacier ice on the Antarctic 
Peninsula (Table Sl). Assuming the ice is 1 km thick and melts uniformly, the 
concentrated layer ofLDDT contaminated ice would be diluted to 2:8 pg LDDT/L in 
glacier meltwater. Indeed, we measured levels ofLDDT in glacier melt water of 38(±18) 
pg/L ( 4). Therefore, both our measured and estimated values for LDDT in glacier 
meltwater are substantially lower than the 130 pg/L estimated by Van den Brink et al. (1). 
Although basal melt may dominate glacier loss in Antarctica (1), we note this is 
not in the absence of surface melt (5). In fact, surface meltwater percolation through the 
glacier is an important mechanism for total ice loss in the presence of atmospheric 
warming (5). Recent evidence reveals this glacial melting is not limited to the Antarctic 
Peninsula, and that the warming trend is migrating southward increasing rates of ice loss 
to the WAIS (6, 7). 
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Penguin I:DDT exposure 
We disagree with the assertion that the summer foraging is not sufficient duration 
for glacier-derived I:DDT to accumulate in penguin tissues (1). Seasonal exposure to 
elevated concentrations of contaminants in glacier meltwater may well be sufficient to 
maintain the body burdens ofi:DDT in Adelie penguins. It is well documented that 
during the breeding season (October- February), Palmer area Adelie penguins forage 
within at least 90km ofthe breeding colonies (<1 km from shores lined in calving 
glaciers), and likely within 10-15 km ( 8). Krill, the primary food source of these 
penguins, also forage in these areas consuming seasonal diatom blooms, and long-term 
data show that these predators and prey are strongly coupled spatially and temporally 
over small scales ( 8). Instigating and maintaining summer diatom blooms along the 
Antarctic Peninsula is a glacier meltwater lens extending at least 1 OOkm off shore that 
stabilizes the surface layer permitting phytoplankton to remain in a favourable light 
environment ( 1 0). It is within this stable and expansive environment that diatoms are 
exposed to the measurable levels of I:DDT found in glacier meltwater ( 4). Indeed, we 
found a near shore gradient ofi:DDT, primarily p,p'-DDT, in phytoplankton (4). 
In our article, we noted that p,p'-DDT was found only in Palmer area birds 
implicating a 'fresh' source of DDT to the marine ecosystem (2). We reiterate that snow, 
sea ice and air samples did not contain measurable levels of I:DDT (2) eliminating recent 
atmospheric deposition as a potential source of this contaminant. 
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Adelie L:DDT time trends 
L:DDT concentrations in penguins decline as bird mass and fat content increase 
(2,10). Therefore, accurate determination of the average body burden of:L:DDT in a 
population of penguins requires knowledge of both L:DDT in fat and bird mass. For this 
reason, we were only able to include 4 points in our analysis of L:DDT in Adelie penguin 
over time (2). Nonetheless, we are confident in our conclusion that these levels have not 
significantly declined since peak use. 
Van den Brink et al. (I) present an alternative time trend for L:DDT in Antarctic 
seabirds by combining data for a variety of seabird species and tissue types. Though all 
of these birds live below the Antarctic Polar Front, they demonstrate some variety in 
foraging strategy. Moreover, the results are confounded by comparison of multiple 
tissues in a single time trend analysis ( 1). Subramanian et al. (I 0) show that L:DDT levels 
vary more than 10-fold between different tissues of the same bird, even when the data are 
lipid normalized. Additionally, the lipid content of tissues can vary nearly an order of 
magnitude between and within species (II), so we disagree with the inclusion of data that 
are lipid normalized using penguin lipid data (1). 
Finally, data collected in 1994 and 2004 are proposed as evidence that L:DDT 
levels are declining in Antarctic seabirds (1). We agree that L:DDT has declined in the 
Southern Fulmar (p=O.OOl), but the insignificant (p=0.08) change found in Adelie 
penguins (I) supports our conclusion that L:DDT levels are currently at steady-state in 
these birds (2). However, their data raise an interesting question: Why has L:DDT 
declined in fulmars, but not in Adelie penguins? 
52 
REFERENCES 
1. Van den Brink, N.; Riddle, M.; van den Heuvel-Greve, M.; Allison, I.; Snape, I.; 
van Franeker, J.A. Environmental Science and Technology, preceding 
correspondence in this issue. 
2. Geisz, H. N.; Dickhut, R. M.; Cochran, M. A.; Fraser, W. R.; Ducklow, H. W., 
Melting glaciers: a probable source of DDT to the Antarctic marine ecosystem. 
Environmental Science and Technology. 2008, 42:3958-3962. 
3. Chiuchiolo, A.L.; Dickhut, R.M.; Cochran, M.A. & Ducklow, H.W. Persistent 
organic pollutants at the base of the Antarctic marine food web. Environmental 
Science and Technolog. 2004, 38:3551-3557. 
4. Risebrough, R.W.; Walker II, W.; Schmidt, T.T.; de Lappe, B.W. & Connors, 
C.W. Transfer of chlorinated biphenyls to Antarctica. Nature, 1976, 264:738-739. 
5. Scrambos, T.A.; Hulbe, C.; Fahnestock, M.; Bohlander, J. The link between 
climate warming and break-up of ice shelves in the Antarctic Peninsula. Journal 
ofGlaciology 2000,46:516-530. 
6. Steig, E.J; Schneider, D.P.; Rutherfort, S.D.; Mann, M.E.; Comisco, J.C.; 
Shindell, D.T. Warming ofthe Antarctic ice-sheet surface since the 1957 
International Geophysical Year. Nature 2009, 457:459-462. 
53 
7. Shepherd, A.; Wingham, D.J.; Mansley, J.A.D.; Corr, H.G.J. Inland thinning of 
Pine Island Glacier, West Antarctica. Science 2001,291:862-864. 
8. Fraser, W. R. & Hofmann, E. E. A predator's perspective on causal links between 
climate change, physical forcing and ecosystem response. Marine Ecology 
Progress Series. 2003,265:1-15. 
9. Dierssen, H. M.; Smith, R. C.; Vernet, M. Glacial metlwater dynamics in coastal 
waters west ofthe Antarctic peninsula. PNAS. 2002, 99:1790-1795. 
10. Subramanian, B. R.; Tanabe, S.; Tanaka, H.; Hidaka, H. & Tatsukawa, R. 
Bioaccumulation of organochlorines (PCBs and p,p' -DDE) in Antarctic Adelie 
penguins Pygoscelis adeliae collected during a breeding season. Environmental 
Pollution. 1986, 40:173-189. 
11. Tanabe, S.; Watanabe, M.; Minh, T. B.; Kunisue, T.; Nakanishi, S.; Ono, H.; 
Tanaka, H. PCDDs, PCDFs, and coplanar PCBs in Albatross from the North 
Pacific and Southern Oceans: levels, patterns, and toxicological implications. 
Environmental Science & Technology. 2004, 38:403-413. 
54 
CHAPTER 2.1 SUPPORTING INFORMATION 
Table Sl. Ice column inventory for LDDT on the Antarctic Peninsula.§ 
Depth (m) p,p'-DDT (pg/kg) p.p'-DDE (pg/kg) Inventory ng/m2 
0-0.5 497 81 144 
0.5-1.0 450 67 129 
1.0-1.5 2000 141 535 
1.5-3.5 3000 180 3180 
3.5-4.0 4000 270 1068 
4.0-4.5 3000 240 810 
4.5-5.0 2800 170 743 
5.0-5.5 3400 380 945 
5.5-6.0 2100 210 578 
Total 8131 
§p,p'-DDT and p,p'-DDE levels measured by Risebrough et al. (1976) in snow on 
Doumer Island, Antarctica. Levels in the 1.5-3.0 m depth interval were interpolated from 
the measured data above and below. All values were multiplied by the density of neve 
(500 kg/m3). 
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CHAPTER3 
Influence of Diet and Migration on Persistent Organic Pollutant Concentrations in 
Antarctic Seabird Livers 
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ABSTRACT 
Antarctic seabirds, including Adelie penguins (Pygoscelis adeliae), south polar 
skuas (Catharacta maccormicki) and southern giant petrels (Macronectes giganteus), are 
high trophic level predators that accumulate persistent organic pollutants (POPs) present 
in the marine food webs in which they forage. Diet and migration patterns influence the 
level of POP residues per species. The objective ofthis study was to compare POP levels 
within three Antarctic seabird species based on migratory patterns and trophic level. 
Livers of Adelie penguins, south polar skuas, and southern giant petrels were analyzed 
for various POPs including organochlorine pesticides and polychlorinated biphenyls 
(PCBs), and stable isotopes (815N and 813C) as indicators of trophic level and migration 
patterns. Both 815N and 813C increase with the trophic level of the Antarctic seabirds; 
however, 813C increases more than 1-2%o with trophic level, indicating a discrepancy in 
the food source of the seabird diets that may be due to episodic foraging of skuas and 
petrels farther north along the Antarctic Peninsula or slow turnover of carbon vs nitrogen 
in seabird livers reflective of latitudinal fractionation of 813C in the southern hemisphere. 
~PCBs, ~DDTs, ~chlordanes and mirex in migratory seabird livers are 3- 100 times 
higher than the endemic penguins. In contrast, more volatile contaminants, such as 
hexachlorobenzene (HCB), show no difference in concentration between the three 
seabird species lending further evidence to Antarctic regions as a major source for these 
contaminants to the total body burden of migratory birds. Model predictions compared to 
measured output indicate a stronger correlation between 813C and less volatile POP 
concentrations demonstrating the heavy influence of winter migration on the contaminant 
loads of seabirds that breed in Antarctica. 
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INTRODUCTION 
Seabirds are high trophic level predators that integrate aspects of the marine food 
webs in which they forage (Rau et al.,1992; Cherel et al., 2007; Fraser & Hofmann, 
2003; Ainley et al., 2003). Endemic south ofthe Antarctic Polar Front, Adelie penguins 
(Pygoscelis adeliae) are a sea-ice dependent species that forage primarily on Euphausia 
superba in the north western Antarctic peninsula region, yet in other Antarctic regions, 
their diets are dominated by E. crystallorophias and a fish species, Pleuragramma 
antarcticum (Ainley & deLeiris, 2002; Fraser & Trivelpiece, 1996; Volkman et al., 
1980). Foraging close to breeding colonies in the summer and following the ice edge in 
the winter, Adelie penguin migration distances along the Western Antarctic Peninsula 
(WAP) are relatively limited (Fraser & Hofmann, 2003; Erdman, in press). In contrast, 
south polar skuas ( Catharacta maccormicki) and southern giant petrels (Macronectes 
giganteus) breed in Antarctica during the austral summer, but are observed to forage 
north ofthe Southern Ocean during non-breeding winter months and in this context are 
herein referred to as migratory seabirds (Parmelee & Parmelee, 1987; Patterson in 
comms; Furness 1987). 
Southern giant petrels, ranging only in the southern hemisphere, are recognized as 
the principal scavengers in Antarctica (Hunter, 1983; Parmelee, 1992). Exhibiting a 
proclivity for predatory behavior, petrels consume a broad range of food items including 
penguins, smaller petrels, seal and whale carrion, cephalopods, crustaceans and fish 
(Hunter 1983; Parmelee 1992; Conroy, 1972; Warham, 1962). South polar skuas are 
transequatorial migrants feeding opportunistically as predators, scavengers and 
kleptoparasites (Young, 1963; Furness, 1987; Reinhardt et al., 2000). During the Austral 
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summer, migratory seabirds nest in the vicinity of penguin rookeries where food 
availability varies widely, particularly in the presence of other skua species, and may 
drive the majority of south polar skuas to prey on seafood, primarily fish (P. antarcticum 
and Electrona Antarctica) during the Antarctic breeding season (Pietz, 1987; Reinhardt et 
al., 2000; Montalti et al., 2009; Malzof & Quintana, 2008; Fraser in comms.). 
Persistent organic pollutants (POPs) have been detected throughout the Antarctic 
ecosystem since 1966 (Sladen et al., 1966; George & Frear, 1966; Corsolini, 2009) 
reaching polar regions via long-range atmospheric transport (Wania & Mackay, 1995). 
POPs are subject to 'global fractionization' whereby heavy compounds are deposited 
closer to source regions while lighter more volatile compounds undergo atmospheric 
transport toward polar regions (Wania & Mackay, 1996). Once deposited in the Southern 
Ocean, POPs are taken up by phytoplankton and sea ice microbial communities 
(Chiuchiolo et al., 2004) and, due to their stability and lipophilic nature, bioaccumulate in 
organisms and may biomagnify in higher trophic level animals (Jarman et al., 1996; Fisk 
et al., 2002) posing a risk to wildlife. 
While few studies have documented adverse effects due to contaminant exposure 
in Antarctic seabirds, a recent study by Bustnes et al. (2007) found decreases in south 
polar skua reproductive performance correlated with high levels of POPs. Moreover, 
resident Antarctic seabirds, such as Adelie penguins, rely on fat stores to mitigate cold 
temperatures and seasonal decreases in food procurement or availability (Johnson & 
West, 1973, Ainely & deLeiris, 2002). Therefore, physiological characteristics of 
survival in polar regions may increase the susceptibility of these birds to contaminant 
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loading and effects, particularly in the presence of multiple stressors instigated by climate 
change (Boonstra, et al., 2004; Ducklow et al., 2007). 
Contaminant levels in endemic Antarctic biota remain relatively low compared to 
fauna in more industrialized temperate and Arctic regions with the exception of more 
volatile compounds such as hexachlorobenzene (HCB) (Corsolini, 2009; Bustnes et al., 
2006; van den Brink, 1997), which have inverted latitudinal profiles with higher levels in 
polar regions (Simonich & Hites, 1995). Migratory species that forage annually in more 
industrialized areas contain higher levels of less volatile POPs and accordingly, south 
polar skuas repeatedly exhibit concentrations of PCBs and DDTs orders of magnitude 
higher than sympatric Adelie penguins (Corsolini, 2009). However, HCB levels in south 
polar skuas have also been found to be significantly higher than Adelie penguins, 
suggesting biomagnification while foraging in Antarctica may also influence POP 
concentration discrepancies between Antarctic seabird species (Court et al., 1997). 
Trophic position and diet are key factors in understanding contaminant pathways 
and ecosystem dynamics (Jardine et al., 2006). Analysis of stable isotope ratios (e.g. 
o13C and o15N) has become a central technique for assessing the foraging behavior and 
trophic level of seabirds and other animals (DeNiro & Epstein, 1981; Kelly, 2000; Cherel 
et al., 2005). Isotopes fractionate predictably from prey to consumer as lighter atoms 
e4N, 12C) are preferentially excreted, developing tissue enrichment factors of 0.8-1.1 %o 
for o13C in coastal and open ocean food webs, respectively, and 3.3%o for o15N in Ross 
Sea Antarctic marine biota (Peterson & Fry, 1987; Wada et al., 1987; France & Peters, 
1997; Kelly, 2000). Further fractionation of o13C between coastal vs. offshore regions, 
benthic vs. pelagic systems and latitudinally across the Antarctic Polar Front provides an 
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additional tool for accessing consumer foraging locations (France & Peters, 1997; 
Michener & Kaufman, 2007). 
Latitudinal fractionation of 813C across the Antarctic Polar Front has been known 
for some time (Wada et al., 1987; Rau et al., 1991) and currently provides a well-
established technique for assessing dietary origins in migratory seabirds (Cherel et al., 
2005). For example, enriched 813C ratios in Wilson's storm-petrel feathers grown over 
the winter non-breeding interval relative to chick or adult feathers grown during the 
Antarctic summer breeding season revealed subtropical foraging strategies in juvenile 
and non-breeders (Quillfeldt et al., 2005, Gladbach et al., 2007). More recently, 
discrepancies in 813C have been used to demonstrate shifts in foraging location shifts in 
Thin-billed prions likely due in part to recent climate change on theW AP (Quillfeldt et 
al., 2010). Verifying that these discrepancies in 813C are in fact related to latitudinal 
shifts, Phillips et al. (2009) correlated data-logger tracks in 7 seabird species during the 
non-breeding season with shifts in stable isotope signatures. 
Typically, stable isotopes have been applied to ecosystem contaminant studies as 
trophic level indicators facilitating bioaccumulation and biomagnification analysis 
(Jarman et al., 1996; Buckman et al., 2004). However, in concert with contaminant data, 
stable isotope signatures may be used as tracers of prey location and/or nutrient 
acquisition and allocation (Fisk et al., 2001, Fisk, et al., 2002, Herman et al., 2005). In 
this study, we compare the concentrations of various chlorinated contaminants in the 
livers of three seabird species breeding along the W AP and in the Ross Sea in relation to 
the tissue natural abundances of 813C and 815N. 
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EXPERIMENTAL SECTION 
Study sites. Collection of Adelie penguin and south polar skua carcasses were 
conducted in two Antarctic seabird breeding areas: the Palmer Archipelago WAP at 64° 
46' S, 64° 03' W (penguin: n = 9; 7 females, 2 males and skua: n = 8; 6 females, 1 male, 
1 gender undetermined) in 2004-05 and Cape Crozier, Ross Island at 77° 26' S, 169° 12' 
E (penguin: n = 7; 4 females, 3males and skua: n = 2; 1 male, 1 female) in 2006 (Geisz et 
al., 2008). The giant petrels were collected during the 2003 summer breeding season in 
the Palmer Archipelago (n = 2; 1 male, 1 female). 
Sample Collection. All animals were collected post mortem under recovery 
permits (OPP NSF), thus no animals were sacrificed for this project. Necropsy 
dissections were performed on carcasses collected. Each bird was inspected for external 
and internal injuries and only fresh carcasses with no internal signs of predation were 
included in this study. Carcasses were recovered from the field and frozen at -70 oc until 
thawed for necropsy procedures. From each bird, samples of liver were collected in 
lanced slices using acetone cleaned stainless steel instruments. The samples were frozen 
at -70 oc in pre-combusted (4 hrs@ 400°C) jars until analysis. 
Contaminant Analysis. Tissue samples were analyzed for various chlorinated organic 
compounds including l:DDT (p,p' DDT and its primary derivative p,p' DDE), 
l:chlordane (a-chlordane, y-chlordane, cis-nonachlor, trans-nonachlor and oxychlordane ), 
hexachlorobenzene (HCB), mirex, l:PCBs (including the following IUPAC-numbers: 
101, 105, 114, 118, 123, 126, 128, 138, 153, 156, 157, 167, 169, 170, 180, 187, 189, 195, 
206, 209). The analytical methods used were modifications of methods developed to 
measure pesticide residues in phytoplankton, krill and Adelie penguin fat (see Chichiculo 
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eta!., 2004; Geisz eta!., 2008). Briefly, liver (-3-4g wet weight) samples were 
homogenized and freeze-dried at -80°C for 72 hours using a Labconco TM Freezone 6 Plus. 
Each sample was then ground and thoroughly mixed with pre-combusted ( 4 hrs @ 400 
°C) Varian™ Chern Tube-Hydromatrix to remove any residual water. A surrogate 
standard containing deuterated a-hexachlorocyclohexane (a-HCH) and 2,2',3,4,4',5,6,6'-
octachlorobiphenyl (PCB-204, a non-commercially produced congener) was added. 
Samples were then extracted with 40 ml of pesticide grade 65:35 (v/v) dichloromethane 
(DCM):acetone via accelerated solvent extraction (Dionex ASE 200 Accelerated Solvent 
Extractor:1800 psi; 80°C; 2 cycles). The extracts were reduced in volume to 5 ml by 
turbo evaporation (Zymark® Turbo Evap II) followed by blow down with ultra-high 
purity N2. 
Bulk lipid content was determined gravimetrically on each 5 ml sample extract in 
triplicate. Lipid content was calculated as the mass fraction of residue in a 1 00~1 aliquot 
of the 5 ml solvent extract after evaporation. Following bulk lipid analysis, the sample 
tubes were placed in an ice water bath and H2S04 was added drop-wise to prevent heat 
build up from the exothermic oxidation of the organic material, vortexed to remove 
lipids, and the hexane fraction was collected. Two additional hexane rinses (-3 ml) were 
added to the acid/lipid layer followed by vortexing and the combined hexane extracts 
were reduced under N2 to 3 ml and the acid extraction steps were repeated a second and 
third time. Further sample clean up was performed by passing a final 1 ml extract 
through a column containing 8.5 g pre-cleaned (Soxhlet extracted with DCM for 24 hrs) 
deactivated silica (mesh size 1 00-200) with 2 g pre-cleaned ( 4 hrs @ 400°C) Na2S04 
added on top for removal of residual water. Eluents of 25ml hexane, 50 ml of 40:10 (v/v) 
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DCM:hexane followed by an additional 25ml hexane were collected and reduced by 
turbo evaporation under N2 to 1 ml. Deuterated lindane was then added as an internal 
standard and extracts were further blown down under N2 to 100 J..Ll. 
Samples were analyzed via gas chromatography/negative chemical ionization 
mass spectrometry (Hewlett Packard 6890 Series GC system/Hewlett Packard 5973 Mass 
Selective Detector) using a J&W DB-XLB narrow bore capillary column (30m length, 
0.18 mm diameter, 0.18 J..Lm film thickness) and selective ion monitoring. Method 
parameters for contaminant analysis were: 70°C, initial hold time of 1 min; 50-150°C @ 
20°C min.1; 150-230°C@ 10° C min-1, hold for 5 min; 230-308°C@ 6° C min-1, hold for 
4 min; MS source temperature 150°C; MS quad temperature of 130°C. Helium was the 
carrier gas at 1.1 ml min-1 with a velocity of 39 em s-1• Research grade methane was the 
reagent gas. 
Targeted contaminants were quantified relative to the internal standard using peak 
areas and relative response factors generated by analysis of quantitative standards and 
reported per unit of lipid biomass (ng·g-lipid-1). Contaminant concentrations in the 
samples were compared to lab blanks; only values that were> 3 x blank quantities are 
reported. HCB, mirex, oxychlordane, and p,p'DDE were detected in all samples, 
whereas PCB congener concentrations were sometimes below the method detection 
limits, which were calculated at three times the detected blank level (see supporting 
information). Surrogate standard recoveries averaged 55(±13)%, 43(±8)% and 
61(±19)% for penguins, skuas and petrels, respectively, and reported concentrations were 
not corrected for recovery. 
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Stable Isotope Analysis. Liver tissues were homogenized, sub-sampled and freeze-dried 
at -80°C for 72 hours using a Labconco™ Freezone 6 Plus. Because lipids may be a 
confounding factor for 813C in that lipids are isotopically depleted (DeNiro & Epstein, 
1977; Thompson eta!., 2000), lipids were removed as follows. About 2 g oftissue were 
ground down to a fine powder and suspended in 2:1 (v/v) chloroform:methanol for 15 
minutes (adapted from Bligh & Dyer, 1959 and Sweeting eta!., 2006). Samples were 
centrifuged (3000 rpm for 5 minutes) and the supernatant discarded. Tissues were 
extracted and rinsed until the supernatant tested free of lipids. About 1 mg (±0.2 mg) of 
lipid extracted and non-extracted liver tissue were analyzed for 813C and 815N using an 
ANCA GSL elemental analyzer (EA) and PDZ Europa 20-20 IRMS (University of 
California-Davis Stable Isotope Facility). Stable isotope abundance is expressed in 
standard 8 notation as %o relative to carbonate Pee Dee Belemnite and atmospheric 
nitrogen expressed in the following equation: 
X = [ (Rsample / Rstandard) - 1] * 1 000 Eq. 1 
where X is 8 1~ or 813C and R is the ratio 15N/14N or 13Cl2C, respectively. 
Data Analysis. POP concentrations were natural logarithm transformed prior to 
statistical analysis. The transformed data were normally distributed with equal variances 
and unpaired or paired (where appropriate) t-tests were performed to compare the 
differences in absolute concentration and relative contaminant abundance within and 
between species. Similarly, t-tests, nonparametric mean comparisons along with linear 
regression were used to analyze the differences in seabird stable isotope abundances. 
Regression and multiple regression analyses were used to examine the relationships 
between contaminant compounds and each of the stable isotopes analyzed. All statistical 
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tests were conducted using Sigma Plot 9.0 and the overall significance of each analysis 
was set top< 0.05. 
RESULTS AND DISCUSSION 
Contaminant levels in seabird livers. Not surprisingly, the endemic Adelie penguins 
generally exhibited the lowest levels of contaminants of the three seabird species 
analyzed. The compound concentration pattern in W AP Adelie penguin livers was HCB 
> mirex > :2:chlordane (paired t-tests; p < 01.;c1J~ ~with :2:DDT also being significantly 
higher than :2:chlordane (p < 0.01 ), but showing no difference with mirex or HCB (p > 
0.05; Table 1). Though :2:PCBs appeared to have the lowest concentrations, only a 
fraction of the total 209 PCB congeners were analyzed, and therefore, PCBs were not 
included in the statistical comparisons. Adelie penguins alternately fluctuate in body 
mass over a breeding season causing contaminant comparisons on a per lipid basis to 
show significant differences at specific instances during reproduction (Subramanian et 
al., 1986; Van den Brink et al., 1998; Geisz et al., 2008). However, birds used in this 
study were collected throughout the breeding season and comparative analyses of the 
contaminant groups in penguin livers from both regions using pooled variance non-
parametric statistics showed no significant difference between males and females (p > 
0.30; df= 14). Likewise, Adelies downed by trauma in the current study did not differ in 
contaminant level from those that apparently died of starvation (p > 0.15; df= 14). 
Ross Sea Adelie penguin livers did not differ from those of W AP penguins in 
HCB concentrations, but accumulated significantly more mirex, :2:DDT and :2:chlordane 
(t-test; p :S 0.01, df= 14), in contrast to subcutaneous fat for which no significant 
differences in :2:DDT levels were found (Geisz et al., 2008). Penguins from both regions 
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demonstrated patterns consistent with regional studies on seabird eggs summarized by 
Corsolini (2009) with Ross Sea penguins showing a pattern in the order :LDDT > HCB > 
:Lchlordane (paired t-tests; p < 0.01, df= 6) with mirex showing no significant difference 
with any compound group (p > 0.1 0). Consistent with Arctic seabird populations, 
:Lchlordane concentrations were heavily dominated by oxychlordane (W AP > 82%, Ross 
Sea> 94%, supporting information), which is produced in seabirds by the metabolism of 
trans- and other chlordanes (Fisk et al., 2001, Kawano et al., 1988). 
In both Ross Sea and W AP South polar skua livers, mirex :::::: :LDDT :::::: :LPCB > 
:Lchlordanes > HCB (paired t-tests; p < 0.001 for WAP, df= 7; Table 1). This pattern is 
consistent with other liver studies (:LDDT > HCB; Court et al., 1997), and Bustnes (2006) 
also found mirex dominant in south polar skua blood. However, in Ross Sea south polar 
skuas, :LPCB was not significantly different (paired t-tests; p>O.lO, df= 1) than :LDDT 
and mirex in contrast to other findings (Corsolini, 2009; Court et al., 1997). While the 
exclusion of many lower substituted PCBs in the analysis likely accounts for much of this 
disagreement, the same suite ofPCBs in WAP skuas also did not differ from :LDDT 
levels (p > 0.05), but were significantly higher than all other contaminant groups (p < 
0.02). Given the low levels of :LPCBs in the endemic birds, this likely reflects regional 
contaminant exposure discrepancies between the skua populations during winter 
migration foraging bouts. W AP skuas are shown to follow the Atlantic coasts (Furness, 
1987), which could involve foraging in areas of intense industrialization, such as the 
northeast United States and Europe, areas of heavy historical pesticide use, such as the 
Southern United States, or areas where mirex and DDT are still in use in the southern 
hemisphere (Li &Macdonald, 2005; Ritter et al., 1995). In contrast, Ross Sea south polar 
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skuas are thought to circumnavigate Pacific waters (Furness, 1987), which may be 
comparatively less contaminated, though higher sample sizes are likely necessary to 
explore this further. 
Comparison of POP levels in Adelie penguin tissues to those in bird populations 
that occupy a similar summer breeding and foraging environment, but vary in post-
breeding migratory patterns, provide an opportunity to examine the global distribution of 
POPs. Generally, POP concentrations are higher in wildlife more proximal to potential 
sources, but various studies have shown through the global distillation effect or cold-
condensation (Wania & Mackay, 1996) that more volatile compounds such as HCB or 
less substituted PCBs and PBDEs are equal or more abundant in polar organisms (Van 
den Brink, 1997; Yogui & Sericano, 2009). Accordingly, contaminant levels in this 
study were significantly higher in W AP south polar skuas, birds with winter migratory 
patterns that include more industrialized areas (Furness, 1987), compared to the 
indigenous Adelie penguins for all chemical groups (t-tests; p < 0.0001, df= 13) except 
HCB (p > 0.40, df= 13; Table 1). Similarly, the proportion ofpenta-substituted PCBs 
was significantly higher in Adelie penguins, accounting for 23(±0.04)% of total PCBs 
compared to skua tissues with 9(±0.01)% (t-test; p < 0.01, df= 15; Figure 1). Adelie 
penguins only accumulate contaminants that have traveled across the Polar Front, and 
thus, are continually exposed to the more volatile compounds (Van den Brink, 1997). 
Similarly, south polar skuas accumulate most of their body burden ofHCB and other 
volatile compounds when breeding seasonally in Antarctica (Bustnes eta!., 2006). With 
a significantly higher proportion of hepta-PCB congeners (skua mean= 42(±0.01)%, 
penguin mean= 24(±0.03)%; p < 0.001; Figure 1A), the skuas likely accumulate more 
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heavily substituted PCBs during periods of absence from the Antarctic on winter foraging 
bouts. However, discrepancies in PCB accumulation patterns between bird species may 
also be explained by physiological processes. Assessment of mixed function oxidase 
activity has revealed that skuas have significantly elevated metabolic capacity to process 
PCBs compared to penguins due to higher exposure (Focardi et al., 1992), which could 
also account for the lower relative concentrations of the more metabolizable pent a- PCB 
compounds in skua livers. Therefore, a second analysis including only non-
metabolizable PCB congeners reveals a similar relationship with a significantly higher 
proportion of hepta-PCB congeners in skua livers compared to penguins (skua mean= 
50(±0.02)%, penguin mean= 34(±0.03)%; p < 0.001; Figure lB). Finally, lipid 
normalized HCB concentrations decreased with an increase in liver lipid percent (y=-
20.3x + 5.6; r2 = 0.18; p = 0.02; df= 28; all bird species pooled). This suggests that skua 
and petrel lipid reserves increase faster than HCB levels during the breeding season in 
Antarctica, which is consistent with the observation of decreased POP levels at lower 
trophic levels during summer due to an apparent biomass dilution (Chiuchiolo et al., 
2004). 
Seabird stable isotope signatures. Seabird livers contained lipid values ranging from 2-
11% (Table 1) and initial stable isotope analysis revealed C:N ratios of>4.0, which 
indicate lipid extraction may be necessary to generate accurate 813C values (Post et al., 
2007). Indeed, a paired t-test revealed lipid extracted 813C values were significantly 
higher than untreated samples (p<O.OOOl) demonstrating that 13C depleted lipid 
confounds stable C isotope analysis in seabird liver tissues. Alternatively, 815N values 
were not impacted by lipid extraction (p > 0.20). 
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Adelie penguins in the Ross Sea had significantly higher o15N (mean o15N = 
9.9±0.3 and 8.7±0.4, respectively; p<0.01, df= 10; Table 1) than those from the WAP. 
Adelie penguins are a sea-ice dependent species that currently forage primarily on E. 
superba in the northwestern Antarctic peninsula region, yet around continental 
Antarctica, their diet is dominated by E. superba, E. crystallorophias and a fish species, 
Pleuragramma antarcticum (Ainley & deLeiris, 2002; Fraser & Trivelpiece, 1996; 
Volkman eta!., 1980; Fraser & Hofmann, 2003). Higher trophic level foraging is one 
explanation for the elevated o15N in Ross Sea penguins; however, the higher o15N in Ross 
Sea penguins may also reflect regional differences in the primary production sources of 
nitrogen as spatial and temporal variability in baseline o15N is noted when comparing 
literature values (ranging from -0.1-6.3%o; Frazer, 1996; Wada eta!., 1987). 
The south polar skuas also appear to demonstrate regional differences in diet as 
reflected in liver o15N (Table 1 ), likely due to variability in food availability in the 
presence of other skua species (Pietz, 1987; Reinhardt eta!., 2000; Montalti eta!., 2009; 
Malzof & Quintana, 2008; Fraser in comms.). Though south polar skuas in the Palmer 
Archipelago breed near penguin rookeries, their habitat overlaps with the larger brown 
skuas (C. lonnbergi) driving them to prey on fish and krill (Pietz, 1987; Malzof & 
Quintana, 2008) while south polar skuas in the Ross Sea breed beyond the brown skua 
range and supplement their diet foraging in penguin colonies (Young, 1963; Reinhardt et 
a!., 2000). 
The trophic enrichment value for o15N (3.3%o) calculated by Wada et al. (1987) in 
the Ross Sea has been demonstrated to apply across regions surrounding Antarctica (Rau 
eta!., 1992; Hodum & Hobson, 2000). When compared to the average trophic increase 
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in o13C for coastal (0.8%o) or open-ocean food webs (1.1 %o ), a purely trophic increase in 
o15N vs o13C ranging from 3 to 4.1 is predicted (Wada et al., 1987; France & Peters, 
1997). Regression analysis of all WAP seabirds comparing o15N and o13C values 
produced a line with a slope= 1.00 (p<0.001, r2 = 0.62; Figure 2), which is significantly 
less than the range of predicted slopes (Mann-Whitney, p<O.OO 1 ). This indicates 
differences in o 13C among the bird species studied are not purely a product of trophic-
level enrichment. 
Though there is a paucity of data on liver tissue turnover rates in seabirds, Hobson 
and Clark (1992) found quail liver o13C signatures reflected an experimental shift in diet 
of less than a week. If this is applicable to Antarctic seabirds, the isotope data collected 
here reflect only the summer diets ofthese seabirds. Indeed, the mean o13C values of-
26.1 (±0.9)%o for the penguins in this study (Table 1) demonstrate a shift from the 
established -28%o winter offshore foraging signature to the more enriched summer 
breeding value of s;-25.5%o (Tierney et al., 2008). The southern giant petrel o15N and 
o 13C values may support sexual dimorphism expected in breeding season diets showing 
lower values for the female (Table 1 ), as generally females consume more pelagic 
invertebrates and fish than the larger males that are shown to forage closer to inshore 
colonies on penguin and pinniped rookeries (Hunter, 1983; Hunter, 1987; Gonzales-Solis 
et al., 2008; Patterson-Fraser in comms.). However, Forero et al., (2005) found breeding 
female blood stable isotope values to be higher than males on South Georgia Island, 
Antarctica suggesting male diets are dominated by pinnipeds and penguins that eat 
primarily krill while females ingest higher trophic level squid and fish species (Forero et 
al., 2005). Accordingly, the lower o13C value of the petrel female relative to the male in 
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the current study may reflect depleted pelagic vs. inshore/benthic carbon isotopes found 
in ocean systems worldwide and is consistent with other satellite data for this species 
(Kelly, 2000; Gonzales-Solis et al., 2000). 
South polar skuas breeding in the W AP region are found to forage on krill (E. 
superba), the dominant food source of Adelie penguins, but may primarily prey on 
mesopelagic fish (P. antarcticum, Protomyctophum choriodon and E. antarctica) that 
forage on a variety of invertebrates including copepods and E.superba (Fraser in comms.; 
Pietz, 1987; Malzof et al., 2008; Reinhardt et al., 2000; Montalti et al., 2009). As such, 
we might expect south polar skua tissues to more closely resemble Adelie penguin 813C 
values in being less enriched. Therefore, we suggest the large 813C shift in skuas and 
petrels relative to Adelie penguins likely demonstrates a residual presence of carbon from 
winter migration foraging habitats in the migratory seabird liver tissues or episodic 
feeding at more northerly latitudes during the summer breeding season. 
It is well established that 813C latitudinally fractionates in subantarctic and 
Antarctic regions (Wada et al., 1982; Michener & Kaufman 2007) and 813C enrichment 
has been observed in seabirds foraging in lower latitudes (Forero et al., 2005; Quillfeldt 
et al., 2005; Cherel & Hobson 2007). Quillfeldt et al. (2005) compared 813C and 815N in 
winter migration feathers to summer breeding season feathers of Wilson's storm-petrels 
( Oceanites oceanicus), illustrating four distinct foraging locations at different latitudes. 
Moreover, a compilation of literature data show a continual depletion in 813C values of 
phytoplankton, planktonic crustaceans, pelagic fish and squid from 45°S southward 
(Quillifeldt et al., 2010). Similarly, the enriched 813C values in the southern giant petrel 
and south polar skua tissues, may be indicative of winter foraging or episodic summer 
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feeding in more northern regions (Furness, 1987; Parmalee & Parmalee, 1987; Patterson 
in comms), which are diluted during the summer breeding season by foraging on the 
characteristically more depleted Antarctic organisms (Cherel & Hobson, 2007), but have 
not yet fully turned over to be reflective of a purely Palmer Archipelago Antarctic diet 
(Quillifeldt eta!., 2010). The residual winter signal may continue to be present in the 
skua and petrel liver tissues if the birds intermittently fortify their tissues using winter 
stored energy throughout the summer breeding season, which would be a more extreme 
version of the established long-term diet partitioning between short and long foraging 
bouts demonstrated in other seabird species (Cherel eta!., 2005). Indeed, there is 
evidence for such discrepancies in other vertebrates where both turtles and nectar-feeding 
bats are shown to slowly accumulate carbon relative to nitrogen in controlled experiments 
(Voigt eta!., 2003, Seminoff eta!., 2007). 
Seabird foraging ecology using stable isotope and contaminant data. Regional 
fractionation of contaminants within source regions and across the Antarctic Polar Front 
in combination with stable isotope information may provide a tool for examining 
Antarctic seabird foraging ecology. Data are mounting regarding the foraging habits of 
chick-provisioning adult Antarctic seabirds, but insight into winter diets has been difficult 
to acquire (Parmelee, 1992; Hunter, 1983; Hunter 1987; Forero eta!., 2005; Gonzales-
Solis, eta!., 2008; Pietz, 1987; Malzof eta!., 2008). Contaminant levels that are in some 
cases orders of magnitude higher than the endemic Adelie penguins (Table 1) support 
evidence that southern giant petrels forage, at least in part, in more contaminated source 
regions (Parmelee & Parmelee, 1987; Patterson-Fraser in comms), though winter survey 
studies show that some fraction of the population remains or migrates back and forth to 
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forage in Antarctic waters during the non-breeding season (Parmelee & Parmelee, 1987; 
Chapman et al., 2004). 
Organic contaminants have been used as tracers to illustrate the foraging ecology 
of highly migratory and elusive species. For example, contaminant profiles in North 
Pacific killer whales were added to information gained by fatty acid and stable isotope 
analysis to tease apart the foraging habitats of three populations (Herman et al., 2005; 
Krahn et al., 2008). Fisk et al. (2002) used organic contaminants to illustrate that 
Greenland sharks episodically feed at higher trophic levels than is revealed by stable 
isotope and gut content analysis. Similarly, stable isotope data indicate that the southern 
giant petrel male from the W AP foraged at a higher trophic level than south polar skuas 
and nearly an entire trophic level higher than the giant petrel female (Figure 3A) at the 
time of collection. However, the levels of non-metabolizable PCB 153 (Figure 3B) 
indicate that the long-term diet of the male and female southern giant petrels may be 
similar in contrast to the summer breeding season diet. While stable isotopes are known 
to turnover in tissues at rates ranging from a few days to months (Hobson & Clark, 1992), 
the half-lives POPs in Adelie penguins are shown to range from 05 9 to 19 months for 
PCBs and DDT compounds respectively (Subramanian et al., 1987), indicative of 
turnover times on the scale of years. These data suggest that with a more representative 
sample size, the intra-specific summer vs. average foraging patterns in southern giant 
petrels could be revealed by stable isotope and contaminant data. 
Stable isotopes of nitrogen provide a well-accepted proxy for trophic 
biomagnification (Kidd et al., 1995; Jardine et al., 2006) while latitudinal 1:Pc 
fractionation in the southern hemisphere provides a proxy for migration when compared 
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to seabirds that spend a portion of time foraging in Antarctica (Forero et al., 2005; 
Quillfeldt et al., 2005; Cherel & Hobson, 2007). Regression ofl:DDT (natural log 
transformed data) showed that l:DDT increases in the seabirds with both an increase in 
815N (slope= 0.76; p = 0.02; r2 = 0.47) and 813C (slope= 1.06; p = 0.01; r2 = 0.45) 
(Figure 4). These data agree with other investigations that found south polar skua levels 
for l:DDT up to 13 times higher than Adelie penguins (Court et al., 1997; Corsolini, 
2009). Similarly, all PCBs and pesticides examined, excluding HCB, demonstrated an 
increase with the enrichment of both 815N and 813C (p < 0.04). However, a paired t-test 
comparing the slope values for these relationships revealed 813C slopes were in fact 
significantly higher than 815N slopes, ostensibly demonstrating the heavier influence of 
migration on contaminant burden in Antarctic seabirds. 
Though HCB is shown to biomagnify in the Antarctic food web (Cipro et al., 
2010), there was no significant relationship between 815N and HCB (p = 0.52, r2 = 0.03) 
or 8 13C (p = 0.63, r2 = 0.02) (Figure 4 ). This further supports the model first described by 
Court et al. (1997) illustrating Antarctic migratory seabirds gain most of their body 
burden of more volatile compounds, such as HCB, while foraging in Antarctica (Van den 
Brink, 1997). Though Adelie penguins forage at a relatively low trophic level, they 
ingest polar levels of HCB all year while migratory seabirds may spend only 6-8 months 
provisioning in the Southern Ocean (Fraser & Hofmann, 2003; Furness, 1987; Parmelee 
& Parmelee, 1987), which may account for the observation of similar HCB levels in 
Antarctic seabirds as opposed to the expected elevated levels in higher trophic level 
skuas. 
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Further support for the importance of migration versus breeding season trophic 
level is gained through multiple regression analysis, which demonstrated that the more 
highly substituted PCB 180 (Figure 5) correlated significantly with an enrichment in o13C 
(p = 0.02), but not with o15N (p = 0.71). Higher substituted PCBs are less mobile in the 
atmosphere (Wania & Mackay, 1996) and many congeners are recalcitrant to metabolic 
degradation (Van den Brink & Bosveld, 2001; Letcher et al., 2010). Therefore, the 
increase in PCB body burdens in migratory seabirds with o 13C values characteristic of 
low latitude winter foraging habitats is indicative of acquisition of contaminants from 
source regions (Figure 5). 
To further examine the interplay between contaminant load, trophic level and diet 
sources, we used literature-derived values from a variety of food webs to compare the 
slopes calculated from regressing o15N, o13C and ln [POP]. Each study that was selected 
contained measured values for both stable isotopes and demonstrated biomagification or 
loss of contaminant concentrations per trophic level. For each food web listed in Table 2, 
we plotted o15N with o13C (Eq. 2) and ln[POP] with o15N (Eq. 3) as follows: 
o15N = a·o 13C + b 
ln[POP] = c·o15N + d 
Eq.2 
Eq. 3 
to determine the slopes from those relationships (a, c). The slopes a and c for each food 
web were multiplied to derive a predicted slope for the regression ofln[POP] with o13C 
(Eq. 4) with the following underlying well established assumptions: isotopes of nitrogen 
and carbon increase with trophic level at a ratio of= 3.5/l(i.e. a~ 3.5) (Peterson & Fry, 
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1987; France & Peters, 1997; Kelly, 2000) and the natural log of persistent contaminants 
may increase (or decrease) with trophic level (Kidd et al., 1995; Jardine et al., 2006, 
Broman et al., 1992). Substituting Eq. 2 for 815N in Eq. 3: 
ln[POP] = ac·8BC + (b+d) Eq.4 
yields the predicted slope ac for a regression of ln[POP] with 8 Be if changes in 8 Be are 
due only to trophic level fractionation. The results presented in Table 2 illustrate 
ecosystems where carbon for each trophic level was derived from similar source regions 
(i.e. 813C vs. 815N relationships were largely trophic; a> 1) a less than 30% difference 
between predicted and measured slopes (ac) were observed (e.g. Jarman et al., 1996, 
Broman et al., 1992, Matsuo et al., 2009). Conversely, in systems where the carbon 
source differed (a:::; 1), such as the Aleutian pelagic vs. coastal/benthic signals (Ricca et 
al., 2008) or Polar Front fractionation (this study), the predicted slope for Eq. 3 based 
purely on trophic interactions did not sufficiently account for the change in contaminant 
levels with 813C. Thus, long term diet source appears to be equally or more influential on 
the total contaminant burdens of a given organism as the seasonal, in this case, summer 
breeding season food web. However, combined use of carbon and nitrogen stable 
isotopes can help to discern contaminant sources in migratory animals that feed 
seasonally in different geographic regions. 
Though it is established that polar migratory birds gain much of their body burden 
during winter foraging in more industrial areas (Fisk et al., 2001; Van den Brink 1987; 
Court et al., 1997), this study provides a mechanism to trace the differential accumulation 
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and sources of these compounds into Antarctic seabirds using stable isotopes. While the 
use of carcasses to establish such relationships does not readily account for bird condition 
at the time of death or varying inter and intra specific metabolic rates, the strength of 
these interactions are robust and intriguing. Further research should include tissues that 
more definitively demonstrate winter vs. summer diet information, such as blood and 
feathers (Cherel eta/., 2000; Cherel eta/., 2005) and incorporate non-lethal sampling for 
contaminants, such as preen oil or blood extraction (Van den Brink, 1997; Bustnes et al., 
2006) to gather larger robust data sets and insights into the feeding ecology of highly 
migratory and elusive species. 
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Table 1. Stable isotope composition and contaminant levels of Antarctic seabird liver tissues. 
Western Antarctic Peninsula 
A de lie Southern Southern South South South 
Penguin a Giant Petrel c Giant Petrel c Polar Skua Polar Skua Polar Skua 
n=9 b Male (n=1} Female (n=1} Female (n=6} Male (n=1} Un (n=1} 
Ave ±SO Ave ±SO 
% lipid (total mass) 5 1 4 8 7 3 7 6 
o1sN 8.7 0.4 13.6 11.2 12.1 1.0 10.1 11.7 
o13c 
-26.1 0.9 -23.4 -25.8 -23.3 0.9 -24.2 -23.5 
GM ±SE GM ±SE 
HCB 78.2t 109 41.2 65.2 125 50 83 190 
mirex 31.5* 39.6 517 791 4300* 5850 825 39500 
LDDT 47.9*t 124 238 1220 3560* 1682 424 3250 
LChlor 22.9 16.9 458 1130 309 168 5160 13000 
rPCBs 9.08 15.1 410 965 5840* 6170 2750 210000 
Ross Sea 
Adelie South Polar South Polar 
Penguin Sku a Sku a 
n=7 Male (n=1} Female (n=1} 
Ave ±SD 
% lipid (total mass) 4 1 3 5 
o1sN 9.9 0.3 14 12.3 
o13c 
-26.0 0.5 -24.2 -24.0 
GM ±SE 
HCB 111 * 27 334 82.7 
mirex 172*t€ 75 924 3700 
LDDT 281.5t 167 1460 1990 
LChlor 95.7€ 18.7 474 373 
LPCBs 11.1 6.5 682 1480 
a Arithmetic means of stable isotope values are reported as %o ±standard deviation. Contaminant concentrations are 
rresented as geomean ng/g lipid ± standard error. 
n = 5 for Adelie Penguin stable isotope samples. 
c Individual values are shown for southern giant petrels and south polar skuas recovered from the Ross Sea region. 
Concentrations that share a symbol are not significantly different (see text for detail). 
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Table 2. Predicted and measured values for regression slopes comparing the 
natural log of a given contaminant to carbon stable isotope composition in a 
variety of ecosystems (references included for literature derived values). 
Predicted Measured Difference Slope Contaminant Food Web Reference 
Slope a Slope (%) a 
1.33 1.29 3 1.5 LDDT Gulf of the Jarman et al. Farallones 1996 
-0.54 -0.49 9 2.5 2378- substituted Northern Baltic Broman et al. PCDD/Fsb Littoral 1992 
-0.48 -0.62 29 2.0 2378- substituted Northern Baltic Broman et al. PCDD/Fsb Pelagic 1992 
0.22 0.45 80 0.4 LDDT Alaska Aleutian Ricca et al. Seabirds 2008 
0.64 0.804 26 2.5 LPCB lse Bay, Japan Matsuo et al. 2009 
Western Antarctic 
0.76 1.06 39 1.0 LDDT Peninsula This study 
Seabirds 
a Predicted slopes are calculated with the underlying assumption that both isotopes 
and organic contaminants increase (or decrease in the case of some contaminants) 
with trophic level in a give food web. See text for calculation details. 
b Polychlorinated dibenzo-p-dioxins and -dibenzofurans. 
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Figure 1. The relative composition of PCBs concentrations in south polar skua, 
· southern giant petrel and Adelie penguin livers relative to the 20 PCB congeners 
measured (A) and only non-metabolizable PCB congeners measured (B; 153, 167, 
169, 180, 187, 189, 206 and 209. 
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Figure 2. Individual values of 815N and 813C (%o) in WAP seabird livers with gender 
noted as male or female (by symbol) or unidentified ( x ). Seabird species are indicated 
as Adelie penguins- red, south polar skuas- yellow and the south giant petrel- blue. 
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Figure 3. Stable isotope composition (%o: A) combined with In PCB 153 levels (ng/g 
lipid; B) in the three seabird species (bird species as described in previous figure). 
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Figure 4. Relationships of stable isotopes (%o) and In contaminant levels for seabirds 
collected on the Western Antarctic Peninsula (Adelie penguins = red, southern giant 
petrels = black, south polar skuas = yellow); (A) regression comparison of o15N with 
hexachlorobenzene (HCB, triangles) and LOOT (open circles); (B) regression 
comparison of o13C with HCB and LDOT. 
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Figure 5. Multiple regression demonstrating a significant increase in In PCB 180 with 
an increase in 813C. Adelie penguins= red, southern giant petrels= black, and south 
polar skua = gold. 
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CHAPTER 3 SUPPORTING INFORMATION 
Table Sl. Data used to calculate and compare mean values for L:POPs (ng/g lipid) and stable 
isotopes (%o) in Adelie penguin, south polar skua and giant petrel liver tissues from the Palmer 
Archipelago (PAL) and Cape Crozier (CC). The method detection limits for each contaminant 
are listed as three times above the detected low blank level. Surrogate standard recoveries from 
samples averaged 56(±15)%. PCBs are listed by IUPAC number. 
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Bird Location ueid% Gender 813c 81sN 
ADPE 1 PAL 5 F -27.0 7.4 
ADPE2 PAL 5 M -24.8 8.2 
ADPE3 PAL 5 F -25.8 9.6 
ADPE4 PAL 4 F -26.6 8.8 
ADPE5 PAL 4 F -26.2 9.6 
ADPE6 PAL 2 F NA NA 
ADPE7 PAL 3 M NA NA 
ADPEB PAL 5 F NA NA 
ADPE9 PAL 6 F NA NA 
ADPE10 cc 6 F -26.2 10.2 
ADPE 11 cc 3 F -26.0 9.5 
ADPE12 cc 3 M -26.5 9.7 
ADPE13 cc 3 F -26.4 9.6 
ADPE14 cc 4 M -25.1 10.2 
ADPE15 cc 3 M -26.0 9.8 
ADPE16 cc 3 F -25.8 10.3 
GIPE 1 PAL 4 M -23.4 13.6 
GIPE 2 PAL 8 F -25.1 11.2 
SPSK 1 PAL 10 F -23.5 11.3 
SPSK2 PAL 4 F -23.9 10.5 
SPSK3 PAL 5 F -21.8 12.3 
SPSK4 PAL 5 F -22.9 13.1 
SPSK5 PAL 4 F -21.0 13.7 
SPSK6 PAL 11 F -24.5 12.7 
SPSK7 PAL 4 F -23.5 12.5 
SPSKB PAL 7 M -24.2 10.1 
SPSK9 PAL 6 UN -23.5 11.7 
SPSK 10 cc 3 M -24.2 14.0 
SPSK 11 cc 5 F -24.0 12.3 
trans-
HCB r-chlor a.-chlor f!,f! DOE f!,f! DDT nona 
20.8 3.7 2.1 38.0 0.1 <0.24 
39.0 <0.20 <0.07 24.1 <0.09 <0.24 
27.2 <0.20 <0.07 17.6 <0.09 <0.24 
1044.3 <0.20 8.1 1097.1 59.3 8.7 
186.1 <0.20 <0.07 78.8 <0.09 <0.24 
234.9 <0.20 <0.07 91.5 <0.09 <0.24 
82.9 <0.20 <0.07 48.3 <0.09 <0.24 
113.0 2.2 1.0 13.0 <0.09 <0.24 
11.7 2.4 1.3 15.5 <0.09 7.0 
42.7 1.2 0.8 57.9 <0.09 <0.24 
126.1 <0.20 3.2 273.3 <0.09 <0.24 
93.3 4.4 2.1 193.0 <0.09 <0.24 
266.6 3.6 8.7 1350.3 <0.09 <0.24 
83.7 3.3 1.8 133.5 <0.09 <0.24 
117.8 2.3 2.3 580.7 <0.09 <0.24 
159.8 2.9 2.2 438.5 <0.09 <0.24 
41.2 2.7 2.9 228.3 9.8 1.2 
65.2 1.7 2.3 1191.7 24.8 2.5 
33.1 0.9 5.8 548.0 6.5 5.6 
172.3 3.0 29.6 6710.6 37.5 13.2 
157.4 1.7 63.9 8222.0 21.2 47.3 
369.1 3.3 37.7 10899.9 <0.09 38.1 
1440.3 44.7 <0.07 29031.1 2295.2 46.2 
54.0 1.5 5.4 907.7 5.1 1.0 
218.3 3.3 55.8 6643.3 <0.09 36.0 
82.9 3.9 20.9 3249.6 <0.09 19.4 
190.3 2.3 541.4 13033.4 <0.09 417.1 
334.4 2.2 27.0 1429.1 30.6 130.7 
82.7 1.3 21.7 1939.5 47.9 62.2 
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Bird cis-
nona ox~chlor mirex 101 123 
ADPE 1 0.3 14.4 36.1 <0.11 <0.01 
ADPE 2 <0.01 12.7 13.3 <0.11 0.2 
ADPE 3 <0.01 5.9 12.5 <0.11 <0.01 
ADPE4 0.5 149.0 381.1 3.7 3.7 
ADPE 5 0.1 46.7 38.9 1.3 0.6 
ADPE6 <0.01 58.6 68.7 0.3 0.3 
ADPE7 <0.01 20.5 17.7 <0.11 0.2 
ADPE8 <0.01 2.2 7.1 1.2 0.2 
ADPE9 <0.01 12.0 39.9 <0.11 0.2 
ADPE10 <0.01 38.5 184.2 <0.11 <0.01 
ADPE 11 0.2 89.6 79.6 1.0 0.2 
ADPE12 0.1 77.5 544.6 0.7 0.2 
ADPE13 <0.01 187.0 485.9 <0.11 1.0 
ADPE14 0.1 76.5 40.2 <0.11 0.2 
ADPE15 0.2 111.0 140.1 <0.11 0.6 
ADPE16 0.1 118.3 206.5 <0.11 0.5 
GIPE 1 0.1 451.2 517.3 2.7 <0.01 
GIPE2 0.2 1121.0 790.7 <0.11 <0.01 
SPSK 1 1.5 121.3 665.1 6.3 2.9 
SPSK2 2.8 303.7 7418.6 13.4 35.0 
SPSK3 22.0 223.0 9012.8 94.2 70.4 
SPSK4 15.9 1067.6 39092.8 <0.11 87.3 
SPSK5 8.7 1656.8 32658.4 <0.11 101.8 
SPSK6 0.4 53.4 316.2 <0.11 0.9 
SPSK7 16.6 603.9 11540.3 37.7 43.0 
SPSK8 6.1 374.1 824.7 <0.11 10.9 
SPSK9 200.3 4003.2 39517.0 538.6 306.0 
SPSK10 94.7 219.4 924.1 <0.11 10.3 
SPSK 11 30.6 257.5 3701.8 56.1 20.3 
118 114 153 105 138 187 
3.7 0.1 11.9 0.9 <0.39 0.5 
<0.30 <0.01 1.3 <0.05 <0.39 <0.05 
<0.30 <0.01 1.3 0.5 <0.39 <0.05 
25.1 <0.01 38.3 6.0 27.3 2.4 
3.7 0.1 4.7 1.2 4.6 0.6 
<0.30 <0.01 2.7 0.9 2.1 0.5 
<0.30 <0.01 1.5 0.6 1.3 <0.05 
<0.30 <0.01 1.2 0.6 <0.39 <0.05 
<0.30 <0.01 22.2 0.4 24.3 <0.05 
<0.30 <0.01 1.5 0.8 <0.39 <0.05 
2.8 <0.01 5.9 0.5 2.6 0.4 
2.3 0.7 5.6 0.4 <0.39 0.3 
8.8 0.7 18.8 1.5 10.6 2.5 
<0.30 0.4 3.4 0.3 <0.39 <0.05 
4.6 0.3 11.0 0.9 6.7 1.5 
4.5 <0.01 7.1 0.9 4.8 0.6 
27.7 1.4 101.6 5.8 48.8 11.4 
101.0 4.4 290.4 17.3 205.7 6.5 
53.1 <0.01 192.6 9.7 81.4 15.7 
820.9 <0.01 2933.2 229.7 1783.9 160.2 
745.3 <0.01 2948.4 139.4 1789.8 858.8 
2539.1 <0.01 10806.5 440.1 4225.8 640.3 
2392.0 <0.01 9824.0 628.2 5727.2 534.4 
26.8 1.1 135.7 3.9 53.2 8.4 
1559.6 <0.01 5811.2 286.1 2249.5 148.0 
250.3 <0.01 865.9 42.5 409.3 87.9 
13657.7 <0.01 51969.8 2503.2 29438.8 4488.3 
101.6 <0.01 333.2 15.0 174.1 54.5 
86.3 <0.01 1393.1 68.1 623.7 122.1 
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Bird 126 128 167 156 180 170 189 195 206 209 
ADPE 1 <0.01 0.8 0.6 <0.06 8.6 2.0 5.5 <0.02 <0.06 <0.01 
ADPE 2 <0.01 0.3 <0.02 <0.06 <0.76 <0.20 <0.01 <0.02 <0.06 <0.01 
ADPE3 <0.01 <0.02 <0.02 <0.06 <0.76 <0.20 <0.01 <0.02 <0.06 <0.01 
ADPE4 0.8 4.6 2.8 3.5 17.3 <0.20 0.3 0.4 0.6 0.4 
ADPE 5 0.1 0.8 0.4 0.6 2.2 <0.20 <0.01 <0.02 <0.06 0.1 
ADPE6 0.1 <0.02 0.5 0.5 <0.76 1.1 0.1 <0.02 <0.06 0.2 
ADPE 7 <0.01 0.3 0.1 <0.06 <0.76 <0.20 <0.01 <0.02 <0.06 <0.01 
ADPEB <0.01 <0.02 <0.02 <0.06 <0.76 <0.20 0.1 <0.02 <0.06 <0.01 
ADPE9 <0.01 <0.02 <0.02 3.0 9.9 5.5 <0.01 <0.02 <0.06 <0.01 
ADPE10 0.0 <0.02 <0.02 <0.06 <0.76 <0.20 <0.01 <0.02 <0.06 <0.01 
ADPE 11 0.1 0.4 0.2 0.4 <0.76 <0.20 <0.01 <0.02 <0.06 <0.01 
ADPE12 0.0 0.3 0.2 0.3 <0.76 <0.20 <0.01 <0.02 <0.06 0.1 
ADPE13 0.3 1.4 1.0 <0.06 <0.76 3.8 <0.01 0.3 <0.06 0.1 
ADPE14 0.1 <0.02 0.1 <0.06 <0.76 <0.20 <0.01 0.1 <0.06 <0.01 
ADPE15 0.1 0.7 0.4 0.7 4.2 <0.20 <0.01 0.1 <0.06 <0.01 
ADPE16 0.3 0.8 0.4 0.9 <0.76 2.0 <0.01 0.1 <0.06 <0.01 
GIPE 1 1.0 8.4 5.8 11.6 126.7 36.9 <0.01 4.6 10.6 5.0 
GIPE2 2.7 30.1 17.4 <0.06 271.7 <0.20 <0.01 <0.02 13.1 4.9 
SPSK 1 <0.01 9.2 13.8 20.1 232.9 55.0 <0.01 5.7 10.1 2.4 
SPSK2 <0.01 241.1 198.0 333.4 3141.2 959.7 36.9 106.2 <0.06 27.5 
SPSK3 <0.01 179.2 173.9 273.0 3657.2 898.9 48.6 155.6 363.3 132.9 
SPSK4 <0.01 <0.02 887.3 1142.4 14458.9 3151.5 185.2 450.8 1307.6 302.6 
SPSK5 <0.01 676.4 614.2 976.5 11245.5 3102.6 134.2 383.0 457.7 136.5 
SPSK6 <0.01 5.9 9.4 10.2 193.6 44.0 <0.01 5.5 10.8 5.4 
SPSK7 <0.01 <0.02 423.6 576.8 7882.9 1716.1 92.0 236.9 742.5 161.6 
SPSKB <0.01 <0.02 40.4 57.7 677.9 173.1 6.6 20.2 85.3 18.5 
SPSK9 <0.01 2877.3 3664.7 5408.1 60665.8 21871.4 944.3 2607.5 8123.2 1071.2 
SPSK 10 2.3 21.7 <0.02 <0.06 154.0 <0.20 <0.01 <0.02 16.0 6.8 
SPSK 11 5.2 65.0 89.2 118.3 1504.9 315.1 <0.01 56.0 108.7 60.0 
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ABSTRACT 
Tissue samples including fat, eggs, feathers, uropygial oil and chick blood from 
three seabird species: Adelie penguins (Pygoscelis adeliae ), south polar skuas 
(Catharacta maccormicki) and southern giant petrels (Macronectes giganteus) that breed 
during the austral summer in Antarctica, were analyzed for stable isotopes (815N and 
813C) and persistent organic pollutants (POPs). POPs and stable isotope signatures were 
examined as potential tracers of seabird pre-breeding nutrient allocation. Stable isotope 
values were significantly enriched in southern giant petrel eggs compared to eggs of the 
other seabirds, indicating high trophic level foraging prior to egg laying, whereas south 
polar skua eggs had 815N levels similar to Adelie penguin eggs indicative of pre-egg 
laying low trophic foraging. Levels of mirex in southern giant petrel eggs ( 4600 ± 1500) 
are 2 to 44 times higher than in south polar skua eggs (530 ± 180) and contain some of 
the highest concentrations of mirex, relative to other compounds, found in Antarctic 
biota. Contaminant composition in southern giant petrel fat and preen oil do not reflect 
these high mirex concentrations, indicating an exogenous (Antarctic) source for mirex in 
petrel eggs. In contrast, the relative abundance of LPCBs was highest in south polar skua 
eggs and endogenous lipid input into skua eggs was estimated at > 79% by examining 
regional discrepancies in contaminant ratios relative to PCBs. The combined stable 
isotope and contaminant data indicate that south polar skuas and southern giant petrels 
employ different combinations of income and capital breeding strategies. 
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INTRODUCTION 
Adelie penguins (Pygoscelis adeliae)) are Antarctic residents that forage close to 
breeding colonies in the summer and in coastal regions of deep bathymetry in the winter 
with relatively limited migration distances along the Western Antarctic Peninsula (WAP; 
Ainley & deLeiris, 2002; Erdman et al., in press; Fraser & Hofmann, 2003; Fraser & 
Trivelpiece, 1996). South polar skuas (Catharacta maccormicki) and southern giant 
petrels (Macronectes giganteus) breed in Antarctica during the austral summer, but are 
observed north of the Southern Ocean during non-breeding winter months and in this 
context are herein referred to as migratory seabirds (Parmelee, 1992; Parmelee & 
Parmelee, 1987; Patterson in comms; Furness, 1987). Southern giant petrels are 
predatory and consume a broad range of food items including carrion, cephalopods, 
smaller birds, crustaceans and fish (Hunter, 1983; Parmelee, 1992; Conroy, 1972; 
Warham, 1962) however, sexual dimorphism in this species drives the larger males to 
dominate feeding on carrion and vertebrate prey while females are found to forage 
primarily on pelagic invertebrates (Hunter, 1983; Hunter, 1987; Gonzales-Solis et al., 
2000; Gonzales-Solis et al., 2002; Gonzales-Soliz et al., 2008; Forero et al., 2005). 
During the summer breeding season, the presence of other skua species, may drive the 
majority of south polar skuas to prey on seafood, primarily fish (P. antarcticum and 
Electrona antarctica) (Pietz, 1987; Reinhardt et al., 2000; Montalti et al., 2009; Malzof 
& Quintana 2008; Fraser in comms.). However, skuas migrate as far as the northern 
hemisphere to forage during winter (Young, 1963; Furness, 1987; Reinhardt et al., 2000). 
Balancing nutrient allocation for effective reproduction with body maintenance 
and survival are key life-history components of seabirds (Drent & Daan, 1980; Jonsson 
1997; Hobson, 2006). During the non-breeding period, migratory birds leave nesting 
areas for more seasonally nutrient rich regions (e.g. Wilson's storm petrels, Quillfeldt et 
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al., 2005). Whether such trips maximize winter survival or additionally enhance body 
stores for allocation to reproductive efforts depends upon the evolutionary strategy ofthe 
species. During egg formation, capital breeders use body stores (endogenous nutrients) 
to fortify their egg(s) while income breeders employ local or recently ingested 
(exogenous) nutrients for this task (Jonsson, 1997). However, most birds are found to 
employ a combination of both strategies during the process of egg formation and efforts 
to assess varying contributions have concentrated on basic physiology (female and egg 
mass/composition) and stable isotope analysis (Hobson, 1995; Hobson et al., 1997; 
Hobson et al., 2000; Hobson, 2006; Meijer & Drent, 1999; Langin et al., 2006), although 
Jarman et al. (1996) suggested stable isotopes could be used in concert with contaminant 
information to trace nutrient allocation into seabird eggs. 
Stable isotope analysis of 813C and 815N has become a central technique for 
assessing the foraging behavior and trophic level of seabirds (Hobson, 1993, Hobson, 
1999, Hodum & Hobson, 2000, Cherel et al., 2005). Isotopes fractionate from prey to 
consumer because lighter atoms (14N, 12C) are preferentially excreted (Peterson & Fry, 
1987; France & Peters 1996; Kelly, 2000). Owing to large fractionations per trophic 
level, 815N is typically used as a proxy for trophic position (DeNiro & Epstein, 1981; 
Kelly, 2000; Cherel et al., 2005) and is typically used in contaminant studies to facilitate 
evaluation of food web biomagnification (Jarmen et al., 1996; Buckman et al., 2004). In 
contrast, fractionation of 813C between coastal and offshore regions, benthic versus 
pelagic food webs, and latitudinally across the Antarctic Polar Front (Frank & Peters, 
1996; Michener & Kaufman 2007) provides a tool to delineate foraging location. 
Contaminant levels in endemic Antarctic biota remain relatively low compared to 
fauna in more industrialized temperate and Arctic regions with the exception of more 
volatile compounds such as hexachlorobenzene (HCB) (Corsolini, 2009; Bustnes et al., 
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2006; Van den Brink, 1997). Migratory species that forage annually in more 
industrialized areas contain higher levels of less volatile persistent organic pollutants 
(POPs) and accordingly, south polar skuas repeatedly exhibit concentrations ofPCBs and 
DDTs orders of magnitude higher than sympatric Adelie penguins (Corsolini, 2009). 
POPs are resistant to metabolic and physical degradation rendering them long-lived 
dietary tracers. Indeed, stable isotope signatures in concert with contaminant data have 
been used as tracers of prey location and/or nutrient acquisition and allocation (Fisk et 
al., 2001; Fisk et al., 2002; Herman et al., 2005; Krahn et al., 2008). Moreover, seabird 
egg components have been found to reflect the pre-breeding diets of females (Verreault et 
al. 2007; Braune, 2007; Jarman et al., 1996), such that contaminant profiles and stable 
isotope signatures were used to identify common murres (Uria aalge) breeding in Gulf of 
the Farallones as capital breeders (Jarman et al., 1996). 
In this study, we compare the concentrations of various contaminants in the eggs 
of three seabird species breeding along the W AP and in the Ross Sea in relation to the 
tissue natural abundances of o 13C and o 15N. These signatures are further compared to 
those in fat and preen oil (contaminants) or feathers and blood (stable isotopes) and are 
discussed in relation to ecological aspects of the three seabird species, including egg 
fortification, diet and migration. 
EXPERIMENTAL SECTION 
Study sites and Sample Collection. Adelie penguin and south polar skua carcasses were 
collected in two Antarctic seabird breeding areas: the Palmer Archipelago at 64° 46' S, 
64° 03' Win 2004-05 and Cape Crozier, Ross Island at 77o 26'S, 169° 12' E in 2006 
(Figure 1; Geisz et al., 2008; Geisz et al., 2010). Giant petrel carcasses were collected 
during the 2003 summer breeding season in the Palmer Archipelago. All animals were 
collected post mortem under recovery permits (OPP NSF), thus no animals were 
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sacrificed for this project. Carcasses were inspected, frozen at -70 oc until necropsy as 
described elsewhere (Geisz et al., 2010). 
Abandoned and frozen eggs were collected from all three species over three 
breeding seasons: 2003 and 2004 in the Palmer area, 2003 on Avian Island at 67° 46' S, 
68° 54' W, and on Cape Royds, Ross Island at 77°33' S, 166°9' E in 2006 (Figure 1, see 
Table 1 for sample numbers). There were no differences in contaminant concentrations 
or stable isotope values between sampling years (p>0.20; Adelie penguins), so data for 
each species were pooled for comparative analysis. Additional samples of feather, 
uropygial (preen) oil and chick blood were collected from giant petrels breeding in the 
Palmer Archipelago in 2007. 
Eggs contents were removed from the shell and placed into pre-combusted jars. 
Samples of yolk, albumen and/or homogenized egg were collected from eggs that had no 
sign of chick development or putrefaction and were frozen at -70 oc until analysis. 
Uropygial oil (female n = 5, male n = 5) and feather samples (see Table 1) were 
collected from breeding giant petrels during January (egg/young chick brooding) and 
February (parent sitting next to chick on nest). Briefly, the feathered area of the 
uropygial gland (feather bunch emerging from the preen gland orifice) was gently 
cleaned using isopropyl alcohol wetted Kimwipe tissues, then a second pre-cleaned and 
pre-weighed Kimwipe was used to swab the uropygial gland area while the gland was 
gently depressed to release oil (Yamashita et al., 2007). The oil soaked tissues were 
placed in pre-combusted 4 oz. Qorpakjars, and frozen at -70°C until analysis. 
Contour feathers were collected from the mantle of each petrel sampled (near but 
not within the uropygial gland area: n = 2 per bird) to examine C and N stable isotope 
abundances. Feather samples were stored in plastic bags at room temperature until 
analysis. 
111 
Finally, giant petrel chick blood was collected from chicks 4-6 weeks from 
hatching to examine the seasonal Antarctic diet of giant petrels (n = 11 ). Following 
procedures that demonstrate minimal disturbance to birds, less than 1ml (Cherel eta!., 
2005, Forero eta/., 2005) was drawn from the medial metatarsal vein using a 25-27 
gauge needle attached to a butterfly catheter and connected to a herparnized <3 ml 
syringe (Hosak, DJ & Weatherhead, PJ., 1991; Hollamby eta/., 2004). The blood was 
subsequently centrifuged, separating plasma and red blood cells, and stored at -20°C until 
isotope analysis. 
Contaminant Analysis. Tissues samples including eggs, fat, and preen oil were 
analyzed for L:DDT (DDT and the primary derivative of DDT, p,p'DDE), L:chlordane (a-
chlordane, y-chlordane, cis-nonachlor, trans-nonachlor and oxychlordane ), 
hexachlorobenzene (HCB), mirex, L:PCBs (including the following IUPAC-numbers: 
101,105,114,118,123,126,128,138,153,156,157,167,169,170,180,187,189,195, 
206, 209). Given the high lipid content, egg yolk was analyzed when possible; otherwise, 
eggs were homogenized and subsampled. Briefly, fat (~1-2 g wet weight) and whole egg 
or yolk ( ~2-7 g wet weight) were homogenized and freeze-dried at -80°C for 72 hours. 
Each sample was then ground and thoroughly mixed with pre-com busted ( 4 hrs @ 400 
°C) Varian™ Chern Tube-Hydromatrix to remove any residual water. Kimwipes 
containing uropygial oil were also mixed with Varian™ Chern Tube-Hydromatrix prior to 
extraction. A surrogate standard containing deuterated a-hexachlorocyclohexane (a-
HCH) and 2,2' ,3,4,4' ,5,6,6'- octachlorobiphenyl (PCB-204, a non-commercially 
produced congener) was then added, and samples were extracted via accelerated solvent 
extraction (Geisz et al., 2008; 2010). 
Bulk lipid content was determined gravimetrically on each sample extract in 
triplicate. Lipid content was calculated as the mass fraction of residue in a 1 OOJ..!l aliquot 
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(out of 5 ml) of the hexane solvent extract after evaporation. Following bulk lipid 
analysis, H2S04 was added to remove lipids. Further sample clean up was performed by 
passing a final 1 ml extract through a column containing 8.5 g pre-cleaned deactivated 
silica with 2 g pre-cleaned Na2S04 added on top for removal of residual water. An 
additional 3 g pre-cleaned (hexane and DCM rinses) Restek ™ QuEChERS was added on 
top ofthe Na2S04 in columns containing uropygial oil extract for further removal oflipid 
waxes. Eluents of hexane and DCM were collected and reduced by turbo evaporation 
under ultra-purified N2 to 1 ml. Deuterated lindane was then added as an internal 
standard and extracts were further blown down to 1 00 ~-tl. 
Samples were analyzed via· gas chromatography/negative chemical ionization 
mass spectrometry (Hewlett Packard 6890 Series GC system/Hewlett Packard 5973 Mass 
Selective Detector; see Geisz eta!., 2010 for further detail). Targeted contaminants were 
quantified relative to an internal standard ( deuterated lindane) using peak areas and 
relative response factors generated by analysis of quantitative standards and reported per 
unit of lipid biomass (ng·g-lipid-1). Contaminant concentrations in the samples were 
compared to lab blanks; only values that were > 3x blank quantities are reported. HCB, 
mirex, oxychlordane, and p,p'DDE were detected in all samples, whereas PCB congener 
concentrations were sometimes below the method detection limits, which were calculated 
at three times the detected blank level (see supporting information). Surrogate standard 
recoveries of a-HCH from fat, eggs, and preen oil averaged 61(±23)%, 63(±24)%, and 
86(±22)% respectively, while PCB-204 recoveries averaged 88(±24)% and 70(±14)%, 
respectively, in fat and eggs, respectively, of Adelie penguins, but could not be assessed 
in skua and petrel samples due to interference from non-target PCBs. 
Stable Isotope Analysis. Egg yolk and albumen were separated by hand and samples of 
yolk, albumen, whole egg and the red blood cell (RBC) fraction of giant petrel chick 
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blood were homogenized, sub-sampled and freeze-dried. About 2 g of egg yolk or 
homogenized egg were ground down to a fine powder and lipids were removed by 
refluxing with chloroform in a Soxhlet apparatus (Thompson et al., 2000) for 12 hours. 
Feathers were cleaned with 2:1 v:v chloroform:methanol rinse to remove surface lipids 
and contaminants, air dried and cut into small fragments with scissors (Cherel et al., 
2000). About 1(±0.2) mg of petrel RBC, feather and lipid and nonlipid extracted egg 
yolk and whole egg were loaded into tin cups and analyzed for o13C and o15N using an 
ANCA GSL elemental analyzer (EA) and PDZ Europa 20-20 IRMS (University of 
California-Davis Stable Isotope Facility). Stable isotope abundance is expressed in 
standard o notation as %o relative to carbonate Pee Dee Belemnite and atmospheric 
nitrogen expressed in the following equation: 
X = [ (Rsample / Rstandard) - 1] * 1 000 Eq. 1 
where X is o15N or o13C and R is the ratio 15N/14N or 13C/12C, respectively. 
Data Analysis. Principal component analysis (PCA) was used to examine underlying 
factors driving the variability in POPs and stable isotopes in the three seabird species 
from the various sampling locations (Meglan, 1992). POP concentrations were analyzed 
as a fraction of the total contaminant load (POP/IPOP) and stable isotope values were 
converted to anomalies (i.e. individual values subtracted from the mean of all birds for 
each nitrogen and carbon) prior to analysis. All contaminants that were quantifiable in 
>75% of samples were included in the PCA except PCB 209 such that the sum of 
compounds included in the analysis was <1 and the POP concentrations remained 
independent of each other. A correlation matrix, which scales the variance of the data, 
was used for all PCA and analyses were conducted with Minitab 15. 
POP concentrations were natural logarithm transformed prior to further statistical 
analysis. The transformed data were normally distributed with equal variances. ANOV A 
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and unpaired or paired (where appropriate) t-tests were performed to compare the 
differences in absolute concentration and relative abundance within and between species. 
Nonparametric mean comparisons, t-tests, and linear regression were used to analyze the 
differences in seabird stable isotope abundances. Regression and multiple regression 
analyses were used to examine the relationships between contaminants and stable 
isotopes. All statistical tests were conducted using Sigma Plot 9.0 or Mini tab 15 with 
significance set top< 0.05. 
RESULTS AND DISCUSSION 
Stable Isotopes in Seabird Tissues. The lipid content of homogenized egg (yolk and 
albumen) and pure yolk ranged from 4-23% and 10-22%, respectively, for all three 
seabird species (see supplementary material), which accordingly had C:N (by mass) 
values (5.5 to 12.9) that indicated solvent extraction to remove lipid was necessary to 
obtain reliable 813C values (Post et al., 2007). Mean C:N ratios oflipid extracted tissues 
were consistent with values for protein (<4; Post et al., 2007; Table 1). Prior to lipid 
extraction, homogenized egg and egg yolk 813C and C:N values were significantly 
different (p > 0.0001, df= 24; Figure 2). However, following lipid extraction C:N in egg 
samples were not significantly different (Figure 2A; p > 0. 70) indicating complete 
removal of lipid from both lipid-enriched yolks and homogenized eggs. Moreover, 813C 
was enriched in lipid extracted samples relative to non-extracted samples (Figure 2B), 
consistent with the idea that lipid content of seabird eggs may be a confounding factor for 
813C as lipid biosynthesis tends to deplete 13C (DeNiro & Epstein 1977; Kelly, 2000). 
Finally, 813C did not differ between yolk and whole egg following extraction (Figure 2B, 
p > 0.70, df=24). Therefore, egg yolk and homogenized egg 813C values were pooled for 
all three seabird species (Table 1). Owing to significant effects of the extraction process 
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on o15N, however (Figure 2C; p > 0.05), bulk (non-extracted) o15N values are used in 
0 0 
species compansons. 
Due to differential fractionation of stable isotopes during tissue synthesis, 
correction factors are necessary for comparison of o13C and o15N between tissue types 
(Hobson & Clark, 1992; Hobson, 1995). Once corrected for fractionation factors derived 
from literature values for captive gentoo penguins (Pygoscelis papua; Polito et al., 2009), 
o15N values for egg yolk (fractionation factor [ffJ = 3.5) and homogenized egg (ff= 4.3; 
see supplementary material for calculation) were not significantly different in Adelie 
penguins (p > 0.25, df=24; see supplementary material). In the absence of species 
specific or congeneric fractionation factors, these same fractionation factors were also 
applied to southern giant petrel and south polar skua samples (Polito et al., 2009; Table 
1 ). Nonetheless, such corrections are only an approximation for true wild bird 
fractionation factors and do not account for species differences in exogenous input, diet 
(gentoo values are derived from herring) or bird condition (Polito et al., 2009; Hobson, 
1995). 
Noting o15N is a proxy for trophic level, values for WAP Adelie penguin eggs 
were significantly lower than those for Adelie penguin eggs collected from Cape Royds 
(p < 0.01, df=28; Table 1). This difference may be indicative of spatial and temporal 
variability in nitrogen sources to the respective systems as noted when comparing 
literature values for phytoplankton (ranging from -0.1 to 6.3%o; Frazer, 1996; Wada et al., 
1987). However, the o 15N values likely reflect established regional differences in Adelie 
penguin diets whereby birds in the northwestern Antarctic peninsula region forage 
primarily on Euphausia superba, yet around continental Antarctica, their diet also 
includes a fish species, Pleuragramma antarcticum (Ainley & deLeiris, 2002; Volkman 
et al., 1980; Fraser & Hofmann, 2003; Fraser & Trivelpiece, 1996). Adelie penguins fast 
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for at least two weeks prior to egg laying and are shown to contribute between 75-99% 
endogenous material into egg formation (Ainley & deLeiris, 2002; Meijer & Drent, 1999; 
Astheimer & Grau, 1985). Accordingly, egg stable isotope values primarily reflect 
regional differences in the winter diets of female Adelie penguins. 
Skuas arrive early to nesting sites with ample winter body stores to establish and 
guard territorial areas (Furness, 1987). However, south polar skua males provide most of 
the pre-laying diet of females (91 %) through courtship feedings of Antarctic prey species 
(Pietz, 1987 and references therein). Therefore, significantly lower o15N values for 
Palmer Archipelago south polar skuas eggs compared to Avian Island skua eggs may 
reflect, at least in part, exogenous (Antarctic) diets (p < 0.01, df=5; Table 1). Such 
discrepancies may be a function of brown skuas (C. lonnbergi) breeding on Palmer area 
islands, which has been shown to drive sympatric south polar skuas to forage primarily 
on fish and krill rather than local penguins colonies (Pietz, 1987; Reinhardt eta!., 2000; 
Malzof & Quintana, 2008). Although at least one brown skua pair breeds on Avian 
Island (personal obs.), o15N in southern WAP south polar skuas suggests that these birds 
may feed one full trophic level higher than Palmer area south polar skuas ( + 3 .2%o ), and 
therefore, may reflect foraging strategies that include eating penguins (Wada et al., 1987; 
Reinhardt et al., 2000). However, recent climate change along the W AP is correlated 
with major ecological transformations that include a range shift south in a key forage fish 
species, P. antarcticum (Ducklow et al. 2007; Montes-Hugo et al., 2009; Fraser in press). 
As south polar skuas have recently been shown to prefer fish, even in the absence of 
sympatric skua species, higher 8 1~ in Avian south polar skua eggs may also reflect 
greater forage fish abundances relative to more northern regions (Montalti et al. 2009). 
Amongst the three seabird species breeding in the Palmer Archipelago, south 
polar skuas and the krill dependent Adelie penguins eggs had similar 8 15N, while 
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southern giant petrel eggs were more than a trophic level higher (1-way ANOVA, F2,31 = 
182, p < 0.001; post-hoc Tukey's tests p < 0.05; Table 1; Figure 3). Many weeks in 
advance of the breeding season, female southern giant petrels return to nesting territories 
to reestablish pair bonds with males and within two weeks of egg-laying a pre-laying 
exodus occurs whereby females are often absent from the nest on extended foraging trips 
(Conroy, 1972). Therefore, exogenous diet material likely forms some portion of the egg 
contents that could include a variety of Antarctic prey items given the diverse diets of 
giant petrels (Hunter, 1983; Conroy, 1972; Warham, 1962). Southern giant petrel males 
and females are observed to forage heavily on bird and seal carcasses, particularly during 
the seal pupping season (placenta carrion), which corresponds with the pre-laying exodus 
timing (Hunter, 1983;Conroy 1972). However, it is well-established that petrel females 
spend a greater portion of time foraging at sea and return with more invertebrate and fish 
prey items (Gonzales-Solis et al., 2008, Hunter, 1983). Moreover, Forero et al. (2005) 
found breeding giant petrel female blood stable isotope values to be higher than males on 
South Georgia, Antarctica suggesting male diets are dominated by pinnipeds and 
penguins that eat primarily krill while females ingest higher trophic level squid and fish 
species. While individual 815N values per petrel egg sample for 2003 (1 0.1, 1 0.5, 1 0.6; 
supplementary material) compared to 2004 (8.8) could indicate communal carcass 
foraging on the part of the females during a breeding season, any further assessment is 
speculation. 
Comparison of egg carbon and nitrogen stable isotope values with values derived 
from bird livers from the same populations (Geisz eta!., 2010) reveal differing patterns 
for the Palmer seabird species (Figure 3). While both carbon and nitrogen isotopes were 
higher in livers of migratory bird species compared to Adelie penguins, only 813C in bird 
eggs followed this pattern (Adelie penguins< south polar skua <southern giant petrels; 
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1-way ANOVA, F2,31 = 254, p < 0.001; post-hoc Tukey's tests p < 0.05; Figure 3). 
Higher 813C in skua and petrel tissues compared to penguins exceed that which might be 
expected from trophic increase alone, particularly given the similarity in 815N of skua and 
penguin eggs (Table 1; Figure 3B). The typical Antarctic marine trophic enrichment 
value for 8 1~ (3.3%o) when compared to the average trophic increase in 813C for coastal 
(0.8%o) or open-ocean food webs (1.1 %o), should produce an increase of 815N vs 813C 
ranging from 3 to 4.1 due purely to trophic fractionation (Rau et al., 1991; Hodum & 
Hobson,2000; Wada et al., 1987; France & Peters, 1997). While an increase oftwo 
trophic levels may explain the difference between southern giant petrel and south polar 
skua eggs, differences in 813C between these migratory birds and Adelie penguins more 
likely reflect differences in foraging location (Kelly, 2000; Figure 3). 
Previously measured Adelie penguin and south polar skua liver 815N values 
(Geisz et al., 2010) are significantly higher than those in eggs (p < 0.001, df=29 and 10, 
respectively) indicating a potential diet shift that may be due to greater fish availability 
later in the breeding season (Figure 3). Moreover, significant depletion of 813C in Adelie 
penguin eggs compared to livers (p < 0.01, df= 29; Table 1) may reflect the shift in diet 
apparent in 815N values or a shift from southern foraging locations during the winter to 
Palmer area foraging in the summer (Tierney et al., 2008). In contrast, the similarity in 
813C between skua livers and eggs reflects a similar foraging location or a similar 
endogenous contribution to fortify the tissues, but the 5%o enrichment in 815N of skua 
livers over eggs (Figure 3B) indicates a change in trophic level prior to and following egg 
laying which may include a higher proportion of fish in the diet during the latter period. 
Carbon stable isotopes give insight into marine foraging locations via differential 
fractionation in primary producers between benthic/pelagic, coastal/off-shore and across 
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the Antarctic Polar Front (DeNiro & Epstein, 1987; Wada et al., 1987; France & Peters, 
1997; Kelly, 2000). Relatively high o 13C values in migratory seabird livers are thought to 
reveal tissue fortification with stored nutrients reflecting winter foraging strategies that 
include areas north of the Antarctic Polar Front (Geisz eta!., 2010). A similar 
explanation could be applied to migratory seabird eggs if some portion of the egg tissues 
are fortified with winter stored (endogenous) nutrients. Alternatively, high 813C in skua 
and petrel eggs may reflect foraging strategies that include benthic or more coastal 
regions relative to Adelie penguins. This, however, is unlikely to explain the similarity in 
south polar skuas and penguin o15N values of eggs as skuas breeding in the Palmer WAP 
region are found to forage on krill (E. superba), the dominant food source of Adelie 
penguins, in addition to mesopelagic fish (Protomyctophum choriodon and E. antarctica) 
that forage on a variety of invertebrates including copepods and E.superba (Fraser in 
comms.; Pietz, 1987; ). Instead, it is possible that a combination of endogenous and 
exogenous materials are used to fortify the migratory bird eggs (Hobson, 2006) such that 
813C ratios are indicative of winter stored material while o15N values are reflective of pre-
laying Antarctic diets (Figure 3). Indeed, lipids mobilized from diet are correlated with 
lower 813C protein ratios in seabird livers (Thompson et al., 2000) and would likely 
similarly transfer to egg proteins if endogenous lipids are utilized to fortify eggs. 
However, the similarity in south polar skua and Adelie penguin egg 815N values may 
indicate that skuas fortify their eggs with exogenous (Antarctic) nitrogen acquired during 
the pre-laying period. 
Southern giant petrel feather and chick blood stable isotope values provide a 
venue to examine the exogenous vs. endogenous input into petrel eggs (Figure 4). 
Southern giant petrels molt mantle feathers continuously throughout the year and 
accordingly, feather samples per bird (n = 2) show a great deal of variability (Hunter, 
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1984, Phillips et al., 2009; Figure 4A; Table 1 ). Nonetheless, feathers of female southern 
giant petrels are significantly enriched in 515N relative to males, which is consistent with 
other data from Antarctic southern giant petrel populations showing that while both 
genders forage on vertebrates that rely on krill, Antarctic fur seals (Arctocephalus 
gazella) or Adelie penguins, females spend more time foraging at sea (p < 0.02, p < 0.02; 
Hunter, 1983; Gonzoles-Solis et al., 2000; Forero et al., 2005; Figure 4A). 515N values 
in southern giant petrel chick blood and male feathers were significantly lower than 
female feathers, yet there were no significant differences in 515N between eggs and blood 
or feathers (1-way ANOVA, F3,36 = 9, p <0.001;post-hoc Tukey's tests p<0.05; 515N 
feather and blood values were corrected for dietary fractionation factors using literature 
values of 4.2%o and 2. 7%o, respectively; Cherel et al., 2005; Table 1; Figure 4). 
However, provided seasonal differences are negligible, 813C in chick blood is 
significantly lower than egg ratios, indicating differences in foraging location during the 
pre-laying period and chick fortification (1-way ANOVA, F3,36= 33, p <0.001;post-hoc 
Tukey's tests p<0.05; Table 1; Figure 4). Indeed, adult feather isotopes represent an 
integrated annual diet signal and 513C does not significantly differ between southern giant 
petrel eggs and male or female mantle feathers, likely indicating there is some 
endogenous carbon input into southern giant petrel eggs, (Hunter, 1984, Phillips et al., 
2009; Figure 4). 
Contaminant Levels in Seabird Fat and Eggs. Endemic to Antarctica, Adelie penguins 
demonstrated the lowest total contaminant loads, yet the highest relative concentrations 
ofHCB (t-test, p < 0.0001; Figure SA), which is consistent with fish and krill from the 
same region (Chiuchiolo, et al., 2004; Weber & Goerke, 1996). Given the lipophilic 
nature of POPs, fat is often considered a proxy for contaminant body burden. Indeed, 75-
90% of ~DDT and ~PCB in Adelie penguins is found in subcutaneous fat (Subramanian 
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et al., 1986), though due to periodic fasting, contaminant concentrations fluctuate and 
differentially redistribute within tissue types during the breeding cycle (Van den Brink et 
al., 1998). Birds used in this study were collected throughout the breeding season and 
comparative analyses of the relative concentration of contaminant groups in penguin fat 
from both regions using pooled variance non-parametric statistics showed no significant 
difference between males and females (t-test, p > 0.28; df= 11) or apparent body 
condition (trauma vs. starvation; t-test, p > 0.05; df= 11). Testable sample sizes were not 
available for the other bird species. 
Contaminant patterns in Ross Sea penguin fat (Figure 5A) are consistent with 
other studies in this region summarized by Corsolini (2009), but differed in that PCBs 
were dominant in previous investigations. This difference is not surprising given that 
only a fraction of the total 209 PCB congeners were analyzed in the present study. W AP 
Adelie penguins did not differ from Ross Sea birds in POP concentrations for egg or fat 
(p > 0.05, df= 28, 11, respectively); however, the relative abundances ofPOPs in both 
fat and eggs ofWAP Adelie penguins showed that p,p'DDE 2: HCB (Figure 5A) differing 
from previous investigations which showed HCB > DDE (Corsolini, 2009). Regional 
warming along the WAP is correlated with glacial melting (Ducklow et al., 2007; Cook 
et al., 2005) such that measurable levels of DDT, deposited in Antarctica during peak use 
in the mid-20th century, have been detected in melt water and are biomagnifying in the 
regional marine food web (Chiuchiolo et al., 2004; Geisz et al., 2008). Shifts in relative 
contaminant patterns along the peninsula over time may likewise be expected due to 
climate change in the region. 
A limited analysis of paired mother (fat) to egg samples from Adelie penguins 
showed no significant differences in contaminant concentrations (paired t-test, p > 0.05, 
df= 2) demonstrating eggs reflect body burden in Adelie penguin females. However, a 
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comparison of pooled A de lie penguin fat from females and eggs from W AP showed 
significantly higher relative abundance of Lchlordane in eggs and p,p'DDE in fat (p < 
0.02, p < 0.001, df= 31; Figure SA). This may reflect a low sample size ofpaired 
females and eggs (n = 3) or potentially a bias towards sampling of subpopulations of 
penguins such that carcasses may reflect older animals while recovered eggs may be 
biased to young breeders. 
South polar skuas demonstrated contaminant patterns dominated by PCBs and 
DDT (Figure 5B). There were no significant differences in relative chemical abundances 
(%)or contaminant concentrations (t-test, p >0.10, df=5; Figure 5B) between female 
skuas (fat) and eggs from the Palmer area. However, south polar skua eggs from Avian 
Island contained higher and lower relative abundances ofp,p'DDE and LPCB, 
respectively (p <0.04, df= 5; Figure 5B). At present it is unclear whether this difference 
is due to climate change, as noted above, or variability in winter foraging patterns of the 
two skua populations (Corsolini, 2009). 
In contrast to Adelie penguins and south polar skuas from the Palmer area, 
southern giant petrel eggs had a significantly higher relative abundance of mirex 
compared to all other POPs measured (paired t-tests; p < 0.02, df= 3; Figure 5C). 
Though statistical comparisons are impossible, relative concentrations of mirex in petrel 
eggs also far exceed that present in the petrel female fat (Figure 5C). However, a larger 
sample size for statistical comparison is offered by using uropygial oil from live birds. 
Uropygial oil provides a non-invasive method for sampling seabird POP concentrations 
and has been shown to be a reliable proxy for POP concentrations in fat (Johnston, 1976; 
Van den Brink, 1997; Goerke, et al., 2004; Yamashita et al., 2007). Indeed, POP 
concentrations in fat of southern giant petrels are significantly correlated with levels in 
uropygial oil with slopes for these relationships that are not significantly different from 1 
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(p < 0.05, df= 9, Figure 6). Gender differences in uropygial oil concentrations were 
limited to males demonstrating significantly higher levels of mirex than females, which is 
consistent with male and female fat samples (Figure 5C). Mirex was the dominant POP 
in southern giant petrel eggs, whereas p,p' -DDE was dominant in preen oil (Figure 5C). 
Although p,p' -DDE concentrations were not significantly different between females and 
eggs, ratios ofmirex/p,p'DDE were significantly higher in eggs (mean eggs= 2.0±(0.4), 
oil= 0.13±(0.3), p < 0.001, df= 8; Figure 5C). 
First detected in Antarctic seabirds in 1997, mirex is an emerging contaminant of 
concern in Antarctica as concentrations in biota are rising (Van Den Brink & Ruiter-
Dijkman, 1997; Bustnes eta!., 2006; Weber & Goerke, 2003; Goerke et al., 2004). 
Mirex is a fire retardant and insecticide restricted globally, but is presently used in the 
southern hemisphere (Ritter eta!., 1995; Connell et al., 2002). While high levels of 
mirex in petrel eggs might reflect winter foraging in areas of current use, this is not 
indicated in the body burden of southern giant petrel adults and thus, is more likely 
indicative of an Antarctic source or pre-laying exodus north of the Antarctic Polar Front. 
Bustnes et al. (2006) serial sampled south polar skua blood showing both HCB and mirex 
concentrations increased throughout the summer breeding season noting Antarctica as the 
major source region for these compounds in skuas around Svarthamaren, Dronning Maud 
Land. Mirex is hypothesized to sorb to particulates and travel through the trophophere 
for deposition in Antarctica (Suntio et al., 1988; Weber & Goerke, 2003). Moreover, 
mirex sinks with particulate matter and is found in endemic Antarctic wildlife at the 
highest relative concentration in benthic biota (Weber & Goerke, 2003, Goerke, et al., 
2004). It is unlikely that female southern giant petrel diets include benthic fish caught 
>20m depth, though pre-laying foraging is documented to include carrion of seals and 
may include high trophic species that forage, at least in part, in the benthos (Weddell 
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seal; Lepthoychotes weddellii, southern elephant seal; Mirounga leonine; Conroy, 1972; 
Casaux et al., 2009; Daneri et al., 2000; McConnell et al., 1992; Ruzicka et al., 1996; 
Figure 3). 
Relationships Between POPs and Stable Isotopes. Principal components analysis 
(PCA), an established method to evaluate patterns in large data sets (Zitko, 1989), was 
used to assess relative contaminant distributions in seabird eggs in combination with 
stable isotopes (Figure 7). Accounting for nearly 50% of the data variability, principal 
component (PC) 1 separates the endemic Adelie penguin eggs from the migratory seabird 
eggs, while PC 2 further distinguishes between the migratory species (Figure 7 A). 
Directional eigenvector loadings of PC 1 and PC 2 correlate chlordanes and HCB with 
Adelie penguin scores, though the relationships between migratory south polar skuas, 
particularly Palmer area skuas, and PCBs are slightly stronger (Figure 7 A, 7B). Mirex 
and stable isotopes, particularly o15N, have similar loadings in PC 2 (Figure 7B) and 
appear to explain the clustering of southern giant petrels (Figure 7 A). 
Though south polar skuas spend a significant portion of the year in Antarctica, 
these transequatorial migrants have PCB concentrations 2 to 60 times higher (1700±500) 
than giant petrels (700 ±1 00) and Adelie penguins (23±6.8), respectively, which is 
consistent with the majority of PCB use being in the northern hemisphere (Bustnes et al. 
2006; Ritter, et al., 1995). However, significantly higher ratios of PCB/DDT in Palmer 
(mean PCB153/p,p'-DDE = 0.40±(0.05) compared to the more southern Avian Island 
(mean = 0.18±(0.05) skua eggs may reflect variability in winter migration pattern or 
summer foraging strategies (t-test, p < 0.03, df= 5). The higher availability of Adelie 
penguin prey, with relatively low PCB/DDT ratios (Figure 5), to Avian Island south polar 
skuas may be a controlling factor for the low ratios observed in Avian skua eggs, and if 
so suggests, in part, an income breeding strategy. Such prey availability may also delay 
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and therefore shorten winter migration foraging trips (Pietz, 1987; Reinhardt et al., 2000; 
Malzof & Quintana, 2008). 
PC 3 explains a small, but relevant portion of variability in the analysis (9.4%) 
with vector loadings that further separated p,p' -DDE from mirex and oxychlordane from 
HCB (Figure 7D). Overlapping Adelie penguins, Avian Island south polar skuas are 
clustered in PC 3 and split from southern giant petrels that are clustered in relation to 
mirex (Figure 7C). Mirex, DDTs, and chlordane have been applied continuously in the 
southern hemisphere (Connell, 1999; Ritter, et al., 1995) and a recent decadal analysis of 
POPs in Antarctic fish indicated large increases in concentrations of these chemicals 
relative to other POPs (Weber & Goerke, 2003). Such increases were particularly 
profound in benthic fish species showing levels of chlordane and mirex at least three 
times higher in Gobionotothen gibberifrons than 9 years prior (Weber & Goerke, 2003). 
Therefore, differences in the southern giant petrel contaminants and stable isotopes may 
reflect high trophic foraging linked to the benthic food web in Antarctic summer diets or 
winter migratory foraging in South America. 
Multiple regression analyses of Palmer Archipelago seabird egg stable isotope 
signatures with each group of contaminants provide a more quantitative comparison of 
the three seabird species (Figure 8). HCB in seabird eggs increases significantly with an 
increase in 815N, but demonstrates no relationship with 813C, which supports earlier 
findings of HCB biomagnification in the Antarctic food web (Figure 8A; Cipro et al., 
2010). Stable isotopes of nitrogen provide a well-accepted proxy for trophic 
biomagnification (Kidd et al., 1995; Jardine et al., 2006) while 813C fractionation 
provides a proxy for comparing foraging locations (Kelly, 2000). Antarctic migratory 
seabirds gain most of their relative body burden of more volatile compounds, such as 
HCB, while foraging in Antarctica due to atmospheric transport and deposition of volatile 
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compounds in polar regions (Wania & Mackay, 1996). Increases in HCB in seabird eggs 
are driven by southern giant petrel concentrations (Tukey's, F = 8.40, p < 0.001, df= 31) 
reflective of a high trophic level Antarctic diet prior to egg laying. 
Oxychlordane, the primary metabolic product of chlordane compounds, increases 
significantly with both o13C and o15N particularly in petrels, suggesting some influence of 
foraging location in addition to trophic position on the seabird egg contaminant loads 
(Tukey's F =59, p < 0.001; Fisk et al., 2001, Kawano, et a/1988; Figure 8B). Mirex is 
likely to have one of the highest biomagnification capacities within the contaminants 
analyzed in this study (Ritter, et al., 1995; Suntio et al., 1988; Goerke, et al., 2004), yet in 
Antarctic seabird eggs, it increases significantly with only o13C (Figure 8C). Both mirex 
and oxychlordane relationships with o 13C are dominated by southern giant petrel 
concentrations (Tukey's, F = 63, p < 0.001, df= 31). In contrast, significant increases in 
LDDT with o13C (Figure 8D) are influenced by both migratory species, and south polar 
skua concentrations control the increase in PCBs with o13C (Tukey's, F = 106, p < 0.001; 
df = 31; Figure 8E). Cases where enriched o13C in migratory seabird eggs correlate with 
compounds such as DDT and PCBs, which demonstrate higher concentrations in source 
regions (Wania & Mackay, 1996), likely reflect the influence of endogenous protein and 
lipid material, respectively, in eggs, as is the case with south polar skuas (Corsolini, 
2009; Figure 8E). However, southern giant petrels also demonstrate trophic relationships 
with contaminants such as HCB that have higher concentrations in Antarctica (Van den 
Brink, 1997; Corsolini, 2009; Bustnes et al., 2006), indicating that significant increases in 
mirex and oxychlordane with carbon isotopes in petrel eggs may be indicative of 
exogenous foraging (Bustnes et al. 2006, Goerke et al., 2004, Weber & Goerke, 2003). 
Seabird Egg Nutrient Allocation. Fractionation of contaminants and stable isotopes 
within source regions and across the Antarctic Polar Front may provide information to 
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examine Antarctic seabird foraging ecology. Stable isotopes are well-established tracers 
of nutrient allocation into bird eggs where breeding and non-breeding nutrient sources 
differ (Hobson, 2006). Most notably, Gauthier et al. (2003) applied isotope-mixing 
models to demonstrate 1) Greater Snow Geese (Chen caerulescens atlantica) breeding in 
the Arctic employ a combination of income and capital breeding strategies and, 2) the 
contribution from endogenous and exogenous material can be quantified. The half-lives 
of POPs, however, are much longer than the turnover rates of 15N or 13C allowing, for 
example, tissues in herring gulls (Larus argentantus) breeding near Lake Superior to 
show significant carry over of POPs from more polluted winter foraging locations (Fisk 
et al. 2001). Therefore, residual POP signals in seabird tissues may likewise be useful for 
quantifYing nutrient allocations in seabird eggs. 
As noted above, Adelie penguins are capital breeders that fast for weeks before 
egg laying and fortifY their eggs with endogenous nutrients (Ainley & deLeiris, 2002; 
Meijer & Drent, 1999; Astheimer & Grau, 1985). This likely reflects in the relative 
amounts of primary POP metabolites, which are significantly higher in penguin eggs 
compared to female fat (p < 0.05; Figure 9). Metabolites such as p,p' -DDE and 
oxychlordane are produced in seabirds by the metabolism ofp,p'-DDT and chlordanes 
(Fisk et al., 2001, Kawano, et al., 1988). Thus, the increased levels of metabolites in 
penguin eggs compared with the fat of females indicates that Adelie penguins are not 
fortifYing eggs with fresh nutrients, but rather with material that has undergone 
biochemical processing as would be expected for a capital breeder. However, there were 
no significant differences in relative amounts of daughter/parent compounds between the 
fat and eggs of southern giant petrels and south polar skuas, indicating there is some, if 
not a dominant, influence of fresh exogenous material in these migratory bird eggs 
(Figure 9). 
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Organic contaminants have been used as tracers to illustrate the foraging ecology 
of highly migratory and elusive species. For example, Fisk et al. (2002) used organic 
contaminants to show that Greenland sharks episodically feed at higher trophic levels 
than was revealed by stable isotope and gut content analysis. Using ratios of pesticides to 
PCBs in Atlantic blue fin tuna (Thunnus thynnus), Dickhut et al. (2009) provided 
evidence of stock mixing and demonstrated migration patterns of Mediterranean fish. 
Ratios ofHCB/~DDT, mirex/PCB153 and ~chlordane/~PCB were significantly higher in 
endemic Adelie penguins (mean= 0.69±(0.14), 0.82±(0.08), 6.1 0±(0.62), respectively) 
compared to south polar skuas (0.06±(0.01), 0.07±(0.02), 0.56±(0.18); p < 0.01, p < 
0.001, p < 0.001, df= 9) indicating higher relative concentrations ofmirex, ~chlordane 
and HCB that are indicative of an Antarctic biota chemical signal (Figure 1 0). There 
were no significant differences between POP ratios in south polar skua fat and eggs, 
suggesting that these seabirds are also capital breeders, which agrees with carbon stable 
isotope values for skua eggs indicating a migratory influence in the o13C values (Figure 
3). Nonetheless, one skua egg was observed to have higher amounts ofmirex (Figure 
1 OA) indicating that skua eggs are likely fortified with some portion of exogenous 
nutrients in agreement with o15N signatures (Figure 3). 
A rough estimate of endogenous vs. exogenous nutrient input into south polar 
skua eggs was calculated using Adelie penguin POP ratios (RADPEfat) as a proxy for 
exogenous diet material and skua fat ratios (RsrsKfatlas the endogenous signal endpoint. 
South polar skua egg concentrations (RsrsKegg) were examined for varying fractional 
input of Antarctic diet using a two component mixing model (Dickhut et al., 2009; 
Dickhut et al., 2000; Bidleman & Falconer, 1999): 
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RsPSKegg = F E~PEfacRSPSKfatl...::..RADPEfat * CRsPSKfat±.ll 
FE* (RsPSKfat- RADPEfat)- (RsPSKfat + 1) 
Eq.2 
where the fraction of endogenous input (FE) was varied until t-test results indicated a 
significant difference between south polar skua fat and eggs (p < 0.05). These 
calculations provide an estimate of the maximum amount of exogenous material present 
in the skua eggs and indicate that > 79( ± 18)% of the south polar skua egg contents are 
derived from endogenous diet material. It is noted that these calculations are only rough 
estimates, as the south polar skua fat endpoint is diluted with an assumed Antarctic 
dietary signal. A more accurate estimate might be found using POP concentrations in 
blood from skuas having just returned from migratory foraging compared to paired egg 
concentrations. Moreover, given POPs are lipophilic compounds, these estimates may 
only apply to lipid inputs into skua eggs. Nevertheless, this provides the first use of 
POPs as tracers of nutrient input into Antarctic seabird eggs. 
Unlike skua eggs, POP ratios of southern giant petrel eggs do not overlap those of 
adults indicating that these seabirds may be largely income breeders (Figure 1 0). POP 
ratios in petrel eggs, though indicative of an Antarctic diet (i.e. high HCB/l:DDT, 
mirex/PCB153 and 2:chlordane/2:PCB) trend away from Adelie penguin values, and are 
suggestive of some other Antarctic endpoint with mirex levels that are particularly high 
(Figure lOA). The unknown Antarctic dietary signal present in petrel eggs with high 
relative abundances of mirex and chlordanes is further reflected in a single southern giant 
petrel chick (Figure 1 0) whose fat represents a strictly Antarctic diet. In order to model 
endogenous versus exogenous nutrient inputs in petrel eggs, it would be useful to collect 
POP samples from both female adults representing a more endogenous signal and chicks 
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representing an exogenous (Antarctic) diet. This could best be accomplished using preen 
oil as a proxy to measure POPs in fat. 
Data are mounting regarding the foraging habits of chick-provisioning adult 
Antarctic seabirds, but insight into pre-breeding diets has been difficult to acquire 
(Hunter, 1983, Hunter, 1987; Forero et al., 2005; Gonzales-Solis et al., 2008; Pietz, 1987; 
Malzof et al., 2008, Erdman et al., in press; Tierney et al., 2008). This study compared 
contaminant partitioning into seabird eggs in combination with stable isotopes in an effort 
to establish tracers to identifY nutrient partitioning in Antarctic migratory vs. endemic 
seabirds. Further research should examine contaminant relationships between paired 
eggs and females using preen oil, verified here as a useful tool in examining seabird 
contaminant profiles. Pre-breeding diets are shown to significantly affect seabird 
breeding success, thus identifYing how nutrients are partitioned into Antarctic seabird 
eggs is critical to understanding seasonal variability and on a larger scale, the ecological 
impacts of rapid climate change on the WAP (Sorensen et al., 2009; Hobson, 2006). 
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TABLES AND FIGURES 
Table 1. Stable isotope composition of Antarctic seabird tissues and 
t f I "t po en 1a prey 1ems. 
Species and Location n C:N€ o15N§ o13Cao References 
tissue ratio Oft + 00 Oft + 00 
Seabirds 
Adelie 
P. ade/iae - egg PAL 26 3.9±0.1 4.1±0.5a -26.9±0.4 This study 
CR 4 3.9±0.3 4.6±0.7 -25.3±0.2 
Sku a 
C. maccormicki - PAL 4 3.9±0.6 4.2±0.6a -23A±o.r This study 
egg 
AVI 3 3.1±1.2 7.4±0.9 -23.0±0.1e 
Petrel 
M. giganteus -egg PAL 4 3.9±0.4 1 0.0±0.8abc -21.5±0.9f This study 
feather - male PAL 11 3.2±0.0 9.7±1.2ac -21.7±1.4f 
feather - female PAL 14 3.2±0.0 11.2±1.4b -20.2±1.3f 
chick blood PAL 11 3.2±0.1 8.8±0.8c -24.5±0.8 
Potential Prey Species (not corrected for fractionation) 
Euphausia Prydz Hodum & 
superba (Krill) Bay 10 n.a. 4.0±0.2 -25.0±0.3 Hobson (2000) 
E. superba South Polito et al. 
Shetland 10 3.7±0.2 3.3±0.7 -25.3±1.0 (2009) 
Is. 
P/euragramma Prydz Hodum & 
antarcticum Quv.) Bay 10 n.a. 9.6±0.4 -24.3±0.3 Hobson (2000) 
Acctocephalus South Anderson et al. 
gazella fur seal Georgia 8 n.a. 9.1±0.4 -23.7±0.4 (2009) 
(muscle) 
Lepthoychotes 
weddellii Weddell Ross Sea 22 3.92±0.2 13.0±0.9 -24.9±0.8 Zhao et al. 
seal _{blood) (2004) 
+ Values presented as mean ± SO. 
€ C:N reflects ratios by mass 
§Values corrected for discrimination factors (see text for references). 
colipid extracted values presented for egg carbon stable isotopes. 
a-f Means having at least one superscript in common are not significantly different 
(p>0.05) based on results oft-test, ANOVA and Tukey's multiple comparison 
tests . Only differences between similar species or species in the same location 
are noted. 
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Figure 1. Locations of bird colonies where samples were collected along the 
Western Antarctic Peninsula and in the Ross Sea, Antarctica. 
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Figure 2. Comparison of the un-treated egg sample (bulk) and the lipid-
extracted (A) C:N, (B) 813C, and (C) 815N. Homogenized egg (blue) and egg yolk 
(yellow) are depicted separately. The diagonal lines in (B) and (C) represent a 
1:1 line. 
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Figure 3. Mean 815N and 813C values (±SO) for Antarctic seabird eggs (yellow) 
and liver (red; Geisz et al., 2010) comparing Adelie penguins (squares; male=1, 
females=?), southern giant petrels (circles; liver n=2, male and female values are 
also shown separately) and south polar skuas (triangles; male=1, females=6, 
unidentified=1 ). (A) raw data and (B) fractionation factor corrected data (see 
references in text). 
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Figure 4. 815N and 813C (mean ±SO) values in southern giant petrel feathers: (A) 
Data for n=2 feathers per bird (dark blue= male; light blue= female) showing 
large variability within a bird. (B) Means for petrel feathers (triangles), eggs 
(circles) and chick blood (checkered square). All values have been corrected 
fractionation factors (see references in text). 
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Figure 5. Relative concentrations of various contaminants in Adelie penguin 
{ADPE) fat and eggs (A), south polar skua (SPSK) fat and eggs (B) and southern 
giant petrel (SGPE) fat, eggs and uropygial oil (C). PAL = Palmer, RS = Ross 
Sea. 
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Figure 6. Relationship between contaminant concentrations (ng/g-lipid) in 
southern giant petrel uropygial oil (preen) and fat comparing male (squares) and 
female (circles) values. The diagonal line demonstrates a 1:1 line. 
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Figure 7. PCA scores (A,C) and loadings (8,0) for POPs and stable isotopes in 
the three seabird species (Adelie penguin = ADPE, southern giant petrel = 
SGPE, south polar skua = SPSK) eggs for three locations (Ross Sea= McM, 
Avian Island= A VI, Palmer archipelago= no designation). Specific contaminants 
and stable isotopes are presented by name with IUPAC numbers shown to 
distinguish PCBs. Principal components 1, 2 and 3 account for 47.4%, 24.4%, 
9.4% of the variability, respectively. 
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Figure 8. Relationships between stable isotopes (%o) and contaminant levels for 
seabird eggs collected in the Palmer Archipelago (Adelie penguins = red, 
southern giant petrels = blue and south polar skuas = yellow). Multiple 
regression analyses show: (A) hexachlorobenzene (HCB) increases significantly 
with an increase in o15N {r2=0.18, p=0.03),(B) oxychlordane is significantly 
correlated with both isotopes (r2=0.80, p<0.003), while mirex, LDDT, and LPCBs 
(C,D,E, respectively) increase significantly with o13C (r2=0.86, p<0.001; ~=0.84, 
p<0.001; ~=0.78, p<0.001 ), respectively). 
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Figure 9. Mean (±SE) fraction of primary metabolites (solid bars -
oxychlordane/Ichlordane, and hatched bars- p,p'DDE/IDDT [p,p'DDE, p,p'DDT, 
o,p DDT, p,p'DDD]) in Adelie penguin (ADPE), southern giant petrel (SGPE) and 
south polar skua (SPSK) fat (red) and eggs (yellow). Values that share a similar 
letter are not significantly different (p < 0.01 ). 
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Figure 10. Contaminant ratios in seabird tissues collected on the Western 
Antarctic Peninsula. The boxes indicate the range in values for fat and preen oil 
(giant petrels only) of each species; ADPE = Adelie penguin (red), SGPE = 
southern giant petrels (blue), SPSK = south polar sku a (yellow). Egg (black) ratio 
values for Palmer SGPE (filled circle), SPSK (triangle) and the fat values from 
one SGPE chick (star) are included for comparison. High ratios= Antarctica diet; 
low ratios = dietary influence from more industrialized regions. 
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CHAPTER 4 SUPPORTING INFORMATION 
Stable Isotope Homogenized Egg Fractionation Factor Calculations. 
Captive gentoo penguins (Pygoscelis papua) fed whole herring fish demonstrated 815N 
fractionation factor values for yolk (ffv) = 3. 7 and albumen (ffA) = 4. 7 (Polito eta!., 
2009). Yolk is ~ 30% of total egg volume in the three seabird species, A de lie penguins 
(Pygoscelis adeliae), south polar skuas (Catharacta maccormicki) and southern giant 
petrels (Macronectes giganteus; Schreiber & Burger, 1999). Fractionation factors for 
homogenized egg (ffHE) were calculated as: 
815N ffHE = (0.70*ffy)+(0.30*ffA) SI-Eq. 1 
or 4.4 (Polito et al., 2009). The same calculations applied to 813C fractionation factors, 0 
and 0.8 for yolk and albumen, respectively produced 813C ff= 0.6. However, this 
correction fell within the variability of the data and there was no significant difference 
between corrected and uncorrected data. 
REFERENCES 
Polito, M.J.; Fisher, S.; Tobias, C.R.; Emslie, S.D. (2009) Tissue-specific isotopic 
discrimination factors in gentoo penguin (Pygoscelis papua) egg components: 
Implications for dietary reconstruction using stable isotopes. Journal of 
Experimental Marine Biology and Ecology. 372:106-112. 
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Table Sl. Data used to calculate and compare mean values for L.POPs (ng/g lipid) in 
Adelie penguin, south polar skua and giant petrel fat tissues from the Palmer Archipelago 
(PAL) and Cape Crozier (CC) in the Ross Sea. The method detection limits for each 
contaminant are listed as three times above the detected low blank level. Surrogate 
standard recoveries of a-HCH from all seabird species averaged 61(±23)% while 
octachlorobiphenyl (PCB-204), only reliably recovered from Adelie penguins, averaged 
88(±24)%. 
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Lipid y-
Bird Location % Gender HCB Chlor 
ADPE 1 PAL 72 F 128.7 1.4 
ADPE3 PAL 57 F 160.0 0.6 
ADPE4 PAL 79 F 43.3 1.5 
ADPE5 PAL 57 F 171.3 1.0 
ADPE6 PAL 69 F 82.5 0.1 
ADPE7 PAL 63 M 52.7 0.2 
ADPEB PAL 65 F 46.9 0.1 
ADPE9 PAL 40 F 89.3 4.0 
ADPE10 cc 68 F 110.0 0.1 
ADPE 11 cc 55 F 197.1 0.8 
ADPE12 cc 60 M 207.0 0.1 
ADPE14 cc 84 M 58.8 0.6 
ADPE15 cc 70 M 118.7 0.9 
GIPE 1 PAL 72 M 69.7 4.3 
GIPE2 PAL 73 F 242.5 7.7 
GIPE 3ck PAL 96 chick 41.6 0.4 
SPSK 1 PAL 52 F 168.1 4.8 
SPSK2 PAL 100 F 122.9 14.7 
SPSK6 PAL 70 F 32.6 0.2 
SPSK8 PAL 59 M 162.9 <0.20 
(- p,p' p,p trans- cis-
Chlor ODE DDT nona nona ox~chlor 
2.1 207.0 6.8 4.0 0.3 22.1 
1.4 223.2 8.2 4.1 0.4 10.1 
2.7 85.0 <0.09 10.7 2.4 23.6 
<0.07 118.6 <0.09 4.5 0.4 16.5 
0.8 153.7 7.0 3.3 0.2 11.5 
0.6 91.3 <0.09 2.5 0.3 5.1 
0.3 145.6 <0.09 2.2 3.4 7.1 
2.3 103.8 1.1 10.0 0.4 13.5 
1.4 103.5 <0.09 1.2 0.6 4.6 
5.5 456.4 <0.09 3.2 3.4 14.6 
2.9 210.8 <0.09 2.7 1.1 8.9 
1.0 50.3 <0.09 0.7 0.4 6.1 
2.4 187.1 <0.09 2.9 1.1 13.0 
2.9 1928.1 77.8 5.4 2.1 150.2 
2.7 5151.5 294.3 15.1 4.7 128.0 
<0.07 294.4 13.7 2.5 0.3 42.3 
1.5 2129.4 18.0 47.9 13.8 16.7 
<0.07 2593.1 136.2 55.7 41.9 186.6 
3.6 548.9 <0.09 4.3 5.9 13.3 
69.5 2403.8 <0.09 57.3 83.4 97.9 
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Bird mirex 101 123 118 153 
ADPE 1 76.4 <0.11 <0.01 5.4 10.8 
ADPE3 49.5 <0.11 <0.01 4.5 8.9 
ADPE4 176.9 6.6 <0.01 22.7 82.9 
ADPE5 51.4 0.6 0.5 4.0 6.4 
ADPES 31.4 0.6 <0.01 2.5 4.9 
ADPE7 27.6 1.4 <0.01 2.1 4.2 
ADPES 19.5 0.6 0.3 2.0 3.2 
ADPE9 44.7 <0.11 <0.01 5.7 15.9 
ADPE10 18.3 0.2 0.2 1.5 2.6 
ADPE 11 82.2 3.2 1.1 24.8 97.3 
ADPE12 33.1 0.1 0.4 2.7 4.3 
ADPE14 8.9 0.2 0.1 1.1 2.0 
ADPE15 45.1 0.3 0.5 4.4 7.5 
GIPE 1 925.2 <0.11 1.2 40.1 152.1 
GIPE 2 705.8 1.3 2.2 78.1 202.6 
GIPE 
3ck 252.2 0.4 0.1 2.9 10.6 
SPSK 1 285.1 16.1 7.4 111.0 525.8 
SPSK2 228.8 22.2 28.3 425.1 940.1 
SPSKS 146.4 2.9 2.6 64.7 135.8 
SPSKS 663.4 25.1 28.2 535.1 1805.6 
105 138 187 180 170 206 209 
1.3 6.2 1.0 7.8 2.4 0.4 0.3 
1.1 5.0 0.4 6.0 1.9 <0.06 <0.01 
5.0 43.6 14.4 98.0 21.9 12.7 5.2 
0.9 4.3 0.5 3.9 1.3 0.2 0.1 
0.6 3.2 0.4 2.5 0.8 0.1 0.0 
0.6 2.7 0.5 2.3 0.8 <0.06 <0.01 
0.4 2.8 0.4 1.6 0.6 0.1 <0.01 
2.1 7.7 1.3 10.1 2.5 1.4 <0.01 
0.3 1.7 0.3 1.7 0.8 0.0 0.0 
4.7 43.0 7.0 129.7 29.7 10.4 1.6 
0.5 3.3 0.5 2.7 1.0 0.1 0.0 
0.2 1.1 0.2 1.2 0.4 0.1 0.0 
0.8 4.2 0.7 4.3 2.1 0.1 0.0 
6.5 64.6 1.1 136.0 51.1 13.8 6.1 
11.5 131.0 3.0 139.4 56.8 10.0 3.5 
0.5 5.4 0.5 8.4 2.2 0.4 0.1 
23.4 185.0 42.6 1210.1 175.6 66.6 19.4 
52.5 596.1 142.7 432.9 49.9 51.5 33.5 
4.0 44.9 6.2 123.1 21.7 6.5 2.3 
57.8 552.4 133.9 1128.4 203.6 141.5 26.2 
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Table S2. Data used to calculate and compare mean values for L.POPs (ng/g lipid) and stable 
isotopes (%o) in Adelie penguin, south polar skua and giant petrel egg tissues from the Palmer 
Archipelago (PAL) and Cape Royds (CR) in the Ross Sea. The method detection limits for 
each contaminant are listed as three times above the detected low blank level. Surrogate 
standard recoveries of a-HCH from all seabird species averaged 63(±24)% while 
octachlorobiphenyl (PCB-204), only reliably recovered from Adelie penguins, averaged 
70(±14)%. 
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Sample % trans- cis-
10 Location ueid Tissue li13c li1sN HCB x-Chlor ~-Chlor e•e' DOE nona nona ox~chlor mirex 101 123 118 
ADPE.1 PAL 4 Egg -26.8 7.3 97.1 1.1 1.1 65.7 2.2 0.2 17.7 34.0 <0.11 <0.01 1.6 
ADPE. 2 PAL 23 Egg -26.3 8.1 125.5 0.3 0.9 78.5 2.6 0.2 21.9 19.7 1.1 <0.01 2.4 
ADPEe 3 PAL 4 Egg -27.5 7.4 76.0 0.2 1.1 64.0 1.7 <0.01 6.4 29.7 0.3 <0.01 1.3 
ADPE. 4 PAL 7 Egg -26.7 9.4 68.5 0.8 1.6 267.7 3.1 0.5 23.7 62.4 2.0 0.6 5.9 
ADPE. 5 PAL 13 Egg -27.1 8.6 66.9 0.5 1.1 65.8 1.7 0.2 20.7 21.8 0.8 0.1 1.7 
ADPE. 6 PAL 15 Egg -26.8 8.6 86.6 0.2 1.2 111.0 2.1 0.3 17.5 35.4 0.3 0.1 1.5 
ADPE. 7 PAL 21 Egg -27.7 8.4 64.6 0.4 0.8 46.5 1.6 0.2 9.9 7.8 0.3 0.0 0.8 
ADPEe 8 PAL 9 Egg -26.6 8.7 82.1 0.5 0.9 79.9 1.7 0.1 14.7 7.7 0.5 0.1 1.3 
ADPE. 9 PAL 11 Egg -26.8 8.7 81.8 0.8 1.9 103.5 3.4 0.4 18.7 12.4 0.7 0.1 2.1 
ADPE. 10 PAL 7 Egg -26.3 8.8 79.1 1.6 0.8 68.6 2.6 0.2 27.6 22.7 0.7 0.1 1.7 
ADPE. 11 PAL 8 Egg -26.5 7.8 96.8 1.4 1.9 75.2 3.5 0.3 30.2 26.0 0.9 <0.01 2.0 
ADPE. 12 PAL 8 Egg -27.3 7.7 86.2 1.7 1.6 111.0 5.8 0.6 49.0 38.9 1.7 <0.01 4.5 
ADPE. 13 PAL 10 Egg -26.8 9.0 107.6 4.0 8.4 410.3 14.5 1.6 87.6 148.5 1.6 <0.01 25.9 
ADPE. 14 PAL 22 Egg Yolk -26.4 6.9 73.9 0.4 1.0 49.3 0.5 0.2 7.0 23.3 0.4 <0.01 1.7 
ADPE. 15 PAL 10 Egg Yolk -26.8 8.7 68.5 1.5 2.1 74.9 2.4 0.2 11.7 26.1 0.7 0.2 1.7 
ADPE. 16 PAL 19 Egg Yolk -27.0 7.6 126.2 0.6 1.8 117.0 2.9 0.3 17.7 38.9 1.3 0.1 2.7 
ADPE. 17 PAL 22 Egg Yolk -26.7 8.1 113.9 0.8 1.6 131.7 2.8 0.3 22.3 60.8 0.6 0.1 2.6 
ADPEe 18 PAL 13 Egg Yolk -27.2 7.5 77.7 0.5 0.7 56.3 2.4 0.2 12.0 15.0 0.5 0.2 1.4 
ADPE. 19 PAL 19 Egg Yolk -27.3 7.4 22.3 0.7 1.8 85.3 3.3 0.3 24.8 37.3 0.7 0.1 2.1 
ADPE. 20 PAL 11 Egg Yolk -27.4 7.8 102.2 0.6 1.4 86.0 2.3 0.2 22.2 39.7 0.8 0.1 2.3 
ADPE. 21 PAL 16 Egg Yolk -26.9 7.3 90.7 1.0 1.5 80.3 2.7 0.3 23.9 29.8 0.6 <0.01 2.0 
ADPE. 22 PAL 21 Egg Yolk -26.6 7.3 116.1 0.9 1.4 93.4 2.3 0.2 18.2 29.8 0.4 <0.01 2.3 
ADPE. 23 PAL 21 Egg Yolk -27.4 7.1 98.0 0.9 0.8 68.2 1.9 0.2 15.0 40.9 0.5 <0.01 1.5 
ADPE. 24 PAL 20 Egg Yolk -26.9 6.8 78.9 1.1 2.4 87.6 3.8 0.4 30.1 43.2 1.1 <0.01 2.2 
ADPE. 25 PAL 17 Egg Yolk -27.1 8.3 112.6 2.2 4.3 232.0 7.1 0.9 52.0 104.1 0.7 <0.01 13.8 
ADPE. 26 PAL 16 Egg Yolk -26.3 6.9 103.3 1.1 2.5 134.8 4.0 0.4 29.5 54.2 1.0 <0.01 4.3 
ADPE. 27 CR 16 Egg -25.6 9.6 61.8 0.5 0.8 64.4 1.0 0.1 10.7 6.6 0.6 0.1 1.5 
ADPE. 28 CR 11 Egg -25.4 7.1 45.4 1.8 1.6 88.1 2.6 0.3 22.3 19.3 1.5 0.1 2.2 
ADPE. 29 CR 22 Egg Yolk -25.2 8.9 59.9 0.5 0.5 109.7 2.1 0.2 13.5 14.0 0.5 0.1 2.1 
ADPE. 30 CR 21 Egg Yolk -25.1 8.2 68.4 0.4 1.3 125.2 2.5 0.4 13.7 40.9 0.6 0.1 2.5 
GIPE. 1 PAL 11 Egg -21.0 13.1 140.2 3.7 5.4 2771.0 31.4 <0.01 708.8 8593.1 <0.11 <0.01 144.9 
GIPE. 2 PAL 21 Egg Yolk -21.2 13.6 98.6 3.2 6.7 1989.2 14.7 <0.01 314.8 2533.1 <0.11 <0.01 102.6 
GIPE. 3 PAL 19 Egg Yolk -22.8 14.0 143.3 <0.20 5.2 1498.1 15.9 <0.01 328.6 2311.2 <0.11 <0.01 63.1 
GIPE. 4 PAL 11 Egg Yolk -21.0 14.1 264.5 5.1 10.2 2462.3 62.8 <0.01 666.0 4951.7 <0.11 <0.01 95.7 
SPSK. 1 PAL 10 Egg -24.0 7.7 80.9 <0.20 <0.07 2349.1 43.7 97.3 72.0 609.9 25.6 19.7 221.1 
SPSK. 2 PAL 6 Egg -24.1 8.3 40.5 1.1 8.4 633.2 27.0 13.9 39.0 196.9 11.3 3.5 61.7 
SPSK. 3 PAL 10 Egg -22.9 9.1 51.8 1.0 6.1 1143.5 18.9 9.0 67.7 1001.4 8.8 3.8 78.2 
SPSK. 4 PAL 11 Egg -22.7 8.9 62.3 1.3 15.7 856.1 40.7 19.1 43.9 329.3 16.9 4.7 87.0 
SPSK. 5 AVI 10 Egg -23.0 11.4 56.0 0.9 3.8 1075.5 4.6 5.7 35.0 498.4 5.5 3.5 40.7 
SPSK. 6 AVI 22 Egg -22.9 12.8 55.6 0.9 5.0 2464.5 16.3 6.7 128.0 1347.3 4.4 3.1 94.1 
SPSK. 7 AVI 21 Egg -23.0 11.0 12.8 0.2 3.1 760.2 10.4 7.0 19.1 291.2 7.2 2.8 39.0 
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Sample 
ID 153 105 138 187 180 170 206 209 
ADPE. 1 3.3 <0.05 1.0 0.1 <0.76 <0.20 0.0 0.0 
ADPE. 2 4.6 0.4 2.1 0.1 1.9 0.3 0.0 0.0 
AOPE. 3 2.3 0.2 1.5 <0.05 <0.76 <0.20 0.0 0.0 
ADPE. 4 15.5 <0.05 <0.39 1.9 <0.76 <0.20 0.1 0.0 
ADPE. 5 3.1 0.3 1.5 0.3 1.5 0.3 0.0 0.0 
ADPE. 6 4.4 0.2 2.5 0.5 2.1 0.4 0.1 0.0 
ADPE. 7 2.0 0.1 1.1 0.2 1.0 0.2 0.0 0.0 
ADPE. 8 3.0 0.3 1.4 0.1 0.9 0.3 0.0 0.0 
ADPE. 9 5.0 0.4 2.6 0.3 1.5 0.7 0.0 0.0 
ADPE. 10 3.8 0.3 1.5 0.2 1.3 0.4 0.0 <0.01 
ADPE. 11 3.9 0.4 1.9 0.3 1.1 0.4 <0.06 <0.01 
ADPE. 12 12.1 0.7 4.4 3.0 22.2 4.1 0.3 <0.01 
ADPE. 13 80.5 3.0 23.5 9.7 17.9 5.5 0.3 <0.01 
ADPE. 14 3.5 0.3 1.4 0.4 <0.76 <0.20 0.0 0.0 
ADPE. 15 3.2 0.3 1.6 0.2 1.2 0.4 0.0 0.0 
ADPE. 16 5.5 0.4 2.9 0.5 1.8 0.6 0.1 0.0 
ADPE. 17 5.4 0.5 2.9 0.7 1.7 0.5 0.1 0.0 
ADPE.18 2.4 0.3 1.5 0.2 <0.76 0.3 0.0 0.0 
ADPE. 19 3.7 0.3 2.1 0.4 1.1 0.3 0.1 0.0 
ADPE. 20 4.7 0.3 1.9 0.2 1.8 0.5 0.1 0.0 
ADPE. 21 3.6 0.4 2.1 0.3 1.7 0.7 <0.06 0.0 
ADPE. 22 3.9 0.5 2.1 0.3 2.0 0.8 <0.06 0.0 
ADPE. 23 3.0 0.2 1.3 0.3 1.2 0.6 <0.06 0.0 
ADPE. 24 8.2 0.6 3.3 2.0 2.6 0.8 <0.06 <0.01 
ADPE. 25 42.9 1.7 13.0 6.1 16.2 3.0 0.2 <0.01 
ADPE. 26 9.4 0.8 4.2 2.3 3.3 1.3 0.1 <0.01 
ADPE. 27 3.0 0.2 1.3 0.2 1.2 0.9 0.0 0.0 
ADPE. 28 4.7 0.4 2.1 0.2 1.1 0.7 0.0 0.0 
ADPE. 29 5.0 0.3 2.6 0.9 3.4 1.1 0.1 0.2 
ADPE. 30 5.9 0.5 2.9 0.5 2.3 1.6 0.1 0.0 
GIPE. 1 556.1 <0.05 217.1 <0.05 <0.76 <0.20 29.0 10.0 
GIPE. 2 401.5 <0.05 161.2 3.6 <0.76 <0.20 21.5 5.2 
GIPEe 3 216.9 <0.05 88.2 20.5 <0.76 <0.20 7.5 2.7 
GIPE. 4 417.4 <0.05 191.9 16.4 <0.76 <0.20 23.1 9.0 
SPSK. 1 753.4 50.0 765.2 184.7 736.1 291.2 69.0 15.7 
SPSK. 2 297.2 11.4 436.9 63.2 292.5 46.6 11.5 2.6 
SPSK. 3 368.0 13.3 145.0 22.2 454.9 78.6 27.0 7.0 
SPSK.4 423.0 17.0 273.7 90.2 405.4 38.1 17.8 4.1 
SPSK. 5 130.6 9.1 58.8 13.4 150.8 39.5 11.7 4.0 
SPSK. 6 372.0 18.9 168.3 16.1 406.0 79.2 15.2 5.7 
SPSK. 7 210.2 7.0 83.0 27.2 225.7 31.6 10.5 3.5 
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Table 83. Data used to calculate and compare mean values for I:POPs (ng/g lipid) and stable 
isotopes (%o) in giant petrel feathers and preen oil respectively and the stable isotopes (%o) in 
corresponding chick blood from the Palmer Archipelago (PAL). Surrogate standard recoveries 
of a-HCH from the preen samples averaged 86(±22)%. 
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trans-
Sample ID Gender Age 013c o1sN HCB oxychlor nona p.p' DOE Mirex 
GIPE 1 M 283.3 138.1 1.3 910.2 270.4 
GIPE2 F 817.1 211.8 10.9 2425.6 442.1 
GIPE4 M -22.3 14.1 279.8 121.7 6.1 764.2 185.6 
GIPE5 M 33 -23.0 11.8 936.5 228.6 14.8 2511.2 348.9 
GIPE6 M 9 -20.7 15.3 515.3 86.1 4.7 1337.8 314.0 
GIPE7 M 19 -22.5 12.9 650.9 281.4 6.8 3489.8 604.9 
GIPE8 M 19 -23.29 12.67 614.5 NA NA NA NA 
GIPE9 F -22.5 14.1 434.5 147.2 2.4 1923.0 156.4 
GIPE 10 F 24 -18.9 15.9 473.4 83.5 5.6 1130.7 101.3 
GIPE 11 F 15 -20.4 14.6 419.1 49.2 2.2 526.7 121.8 
GIPE 12 F -21.5 13.5 323.7 94.3 1.7 808.6 112.3 
GIPE 13 F -20.3 15.9 658.0 115.1 2.4 3285.7 166.5 
Corresponding () c o5N 
Sample ID 118 153 138 180 170 Chick ichick RBC! ichick RBC! 
GIPE 1 22.6 60.0 24.2 39.5 9.7 
GIPE2 66.8 175.4 39.2 42.3 19.8 
GIPE4 18.4 61.0 23.6 46.2 12.2 GIPE 4ck -24.32 11.98 
GIPE5 58.4 164.0 75.0 91.8 26.8 GIPE 5ck -24.96 11.46 
GIPE6 34.2 91.0 39.0 53.3 18.7 GJPE 6ck -24.74 11.28 
GIPE7 59.1 173.8 84.4 106.5 38.8 GIPE 7ck -25.26 10.79 
GIPE8 NA NA NA NA NA GIPE 8ck -24.95 11.35 
GIPE9 36.0 81.1 39.1 41.7 12.0 GIPE 9ck -25.08 10.12 
GIPE 10 34.4 60.5 33.4 30.1 9.1 GIPE 10ck -24.65 11.95 
GIPE 11 0.0 38.9 17.8 20.3 7.3 
GIPE 12 26.8 74.9 27.7 40.5 11.3 GIPE 12ck -24.64 10.88 
GIPE 13 53.6 108.3 57.5 59.2 19.9 GIPE 13ck -24.25 12.20 
GIPE 14ck -24.64 10.90 
GIPE 15ck -22.46 12.98 
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Conclusions 
Although geographically isolated by the Southern Ocean, POPs are ubiquitous 
throughout Antarctica with the highest levels having been detected in apex predators 
(Corsolini, 2009). For most chemical contaminants, levels in endemic Antarctic wildlife 
are orders of magnitude lower than in similar species in regions more proximal to 
industrialized areas, though contaminant concentrations are shown to vary temporally 
(Corsolini, 2009; Bustnes et al.; 2006, Geisz et al.; 2008). In this study, a long-term 
analysis of Adelie penguin eggs from the Western Antarctic Peninsula revealed that 
contrary to Arctic seabird eggs, levels of~DDT (p,p' -DDT+ p,p' -DDE) have not 
declined in the last 40 years(Geisz et al., 2008; Braun et al., 2001). Similarly, mass 
weighted mean concentrations for ~DDT in Adelie penguin fat using all studies for which 
reliable fresh weight data were available indicate a significant increase (p < 0.0005) in 
~DDT in Adelie penguins from 1964 to 1981, but no significant change (p = 0.07) from 
1981 to 2006. This observed steady state trend was consistent with a predictive model 
for bioaccumulation of~DDT in Adelie penguin subcutaneous fat following global use of 
this pesticide beginning in 194 7. Predictions from the model validate the steady state 
assumption indicating that ~DDT uptake currently equals elimination in Adelie penguins 
and that there is a current source of DDT to this ecosystem. The only regional 
differences in ~DDTs between populations of Adelie penguins, despite higher trophic 
level foraging in Ross Sea penguins, was the detection ofthe parent compound, p,p'-
DDT, in only WAP birds, pointing to a fresh source of DDT to the WAP system. Air, 
snow, sea ice and water samples collected near the Antarctic Peninsula during 2001-'02 
indicate very little recent DDT deposition (Chiuchiolo et al., 2004). However, 
measurable levels of~DDT were found in glacier runoff, and with recent melting rates 
for the Western Antarctic Ice Sheet indicate that 1-4 kg/y ~DDT are currently released 
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into the Antarctic marine environment due to glacier ablation (Geisz et al. 2008). Arctic 
and alpine lake systems likewise exhibit elevated contaminant levels where hydrology is 
heavily influenced by glacial runoff (Blais et al., 2001; Bizzotto et al., 2009; Bogdal et 
al., 2009). 
Existing data would indicate seasonal exposure to elevated concentrations of 
contaminants in glacier meltwater sufficiently maintains the body burdens ofiDDT in 
Adelie penguins given that these predators are strongly coupled with their prey spatially 
and temporally over small scales (Fraser & Hofmann, 2003, Geisz et al. 2008). A 
conceptual model (Figure 1; Ducklow et al., 2010) demonstrates how relic contaminants 
are likely transferred following seasonal glacier melt. Though basal melt dominates 
glacier loss in the Antarctic, surface melt and meltwater percolation through glaciers are 
demonstrated as important mechanisms for total ice loss in the presence of atmospheric 
warming (Steig et al., 2009). Instigating and maintaining summer diatom blooms along 
the Antarctic Peninsula, the glacier meltwater lens extends at least 1 OOkm off shore and 
stabilizes the surface layer permitting phytoplankton to remain in a favorable light 
environment (Figure lB-D, Dierssen et al., 2002). Diatom communities scavenge 
contaminants in this stable and expansive environment, which is illustrated by a near 
shore gradient of:LDDT, primarily p,p'-DDT, in phytoplankton (Chiuchiolo et al., 2004). 
Seasonal diatom blooms are consumed by krill, the primary food source of Palmer area 
Addie penguins (Figure 1D-F, Fraser & Hofmann, 2003). During the breeding season 
(October- February), these penguins forage within at least 90km of the breeding colonies 
(<1 km from shores lined in calving glaciers), and likely within 10-15 km (Fraser & 
Hofmann, 2003), consuming relic glacial :LDDT that has biomagnified through the 
Antarctic marine food web. The measurable contaminant, in combination with regional 
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warming along the WAP, has provided a mechanism to trace ecosystem processes in the 
Antarctic marine food web. 
Further building on the use of contaminants as tracers in the Antarctic marine 
ecosystem, this study revealed discrepancies in POP concentrations and patterns between 
migratory and endemic Antarctic seabirds can be used as ecological tracers. The highest 
levels of POPs in Antarctica are detected in wildlife that migrate across the Antarctic 
Polar Front to forage in more industrialized areas (this study; Corsolini, 2006). 
Accordingly, :LPCBs, :LDDTs, :Lchlordanes and mirex in migratory south polar skua and 
southern giant petrel livers, eggs and subcutaneous fat were 2 - 100 times higher than the 
endemic Adelie penguins. In contrast, more volatile contaminants, such as 
hexachlorobenzene (HCB), showed no concentration differences in liver and fat tissues of 
the three seabird species despite trophic level differences, providing further evidence that 
Antarctic regions are a source for these contaminants in migratory seabirds. 
815N provides a well-accepted proxy for trophic biomagnification (Jardine eta!., 
2006) while fractionation of 813C between coastal vs. offshore regions, benthic vs. 
pelagic systems and latitudinally across the Antarctic Polar Front offers an additional tool 
for accessing consumer foraging locations (France &Peters, 1997, Michener & Kaufman, 
2007). Stable isotopes of nitrogen and carbon increased with presumed trophic level in 
the liver and eggs ofWAP Antarctic seabirds; however, 813C increases ofmore than 1-
2%o with trophic level, indicated discrepancies in the foraging location or source of the 
seabird diets. In liver tissues, the relationship between 813C and 815N in the three seabird 
species is linear (slope= 1, p<0.001, r2 = 0.62) and likely reflects episodic foraging of 
skuas and petrels further north along the Antarctic Peninsula during the breeding season 
where they acquire an enriched carbon signal due to latitudinal fractionation of 813C in 
the southern hemisphere. Multiple regression analysis comparing contaminant 
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concentrations and stable isotopes demonstrate that various POPs increase in seabird 
livers with both an increase in 815N and 813C. However, the influence of 813C on POP 
level was significantly higher than 815N, demonstrating the heavier influence of migration 
on contaminant burden in Antarctic seabirds. 
Similar to livers, high levels of PCBs, more abundant in the northern hemisphere, 
were correlated with 8 13C emichment in migratory seabird eggs, particularly south polar 
skuas indicating endogenous sources of emichment in skua eggs. However, significant 
increases in oxychlordane and mirex in southern giant petrel eggs were not reflected in 
the fat and preen oil of adult petrels rendering a winter migratory source for these 
contaminants unlikely. Bustnes et al. 2006 demonstrated Antarctica is a primary source 
region for HCB and mirex, thus high levels in petrel eggs are likely of Antarctic or 
exogenous origin. Benthic fish demonstrate some of the highest relative levels ofmirex 
in the southern ocean, second only to levels in giant petrel eggs from the current study, 
but are an unlikely prey source for southern giant petrels (Corsolini, 2009; Bustnes et al., 
2006; Goerke et al., 2004). Although sources ofmirex to southern giant petrel eggs are 
only speculation at this point, future work will examine mirex as a tracer within the 
Antarctic marine ecosystem. 
The relative proportion of contaminant concentrations in fat and eggs is a useful 
tracer for seabird breeding biology. Significantly higher levels of primary metabolites of 
DDT and chlordanes in Adelie penguin eggs relative to fat are indicative of a fasting 
period prior to egg laying during which contaminant profiles are modified slightly via 
metabolism, but in general are in agreement with previous research indicating these 
penguins are capital breeders contributing endogenous reserves to fortifY eggs (Ainley & 
deLeiris, 2002; Meijer & Drent, 1999; Astheimer & Grau, 1985). Furthermore, an 
estimate of endogenous nutrient input into south polar skua eggs was calculated using a 
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non-linear mixing model with Adelie penguin contaminant ratios as a proxy for 
exogenous diet material and skua fat ratios as the endogenous signal endpoint (Dickhut et 
al., 2009; Dickhut et al., 2000; Bidleman & Falconer, 1999). This study demonstrates the 
first use of contaminant ratios as tracers to model the relative contribution of endogenous 
vs. exogenous material into seabird eggs and indicates that migratory south polar skuas 
and southern giant petrels both use a combination of endogenous and exogenous material 
to fortify their eggs. 
In summary, the unifying theme for this dissertation was the use of POPs as 
tracers of environmental processes in the Antarctic marine ecosystem. Low levels of 
contaminants in endemic species provide a platform to trace POPs originating from 
glacial meltwater in the coastal ecosystem (Chapter 2). Examination of contaminant 
partitioning into seabird tissues in combination with stable isotopes provides tracers that 
identify nutrient sources and partitioning in Antarctic migratory vs. endemic seabirds. 
Discrepancies in migratory bird POP accumulation between more industrialized source 
regions and the Southern Ocean are the basis for establishing these tracers, as 
demonstrated by the conceptual model in Figure 2. Building on POP concentrations 
deposited in the egg yolk, chicks are fed a purely Antarctic diet that was shown in 
Chapters 3 and 4 to likely contain equal or higher levels of more volatile compounds such 
as HCB. It is hypothesized that juvenile and adult migratory birds will demonstrate an 
oscillating accumulation pattern whereby HCB is consistently accumulated in both winter 
and summer foraging locations, but less mobile compounds such as heavily substituted 
PCBs are seasonally diluted in the remote Antarctic regions (Figure 2). It is the unique 
difference between these two seasonal diet pools that facilitates the development of POPs 
as tracers. A major improvement to this body of work will be to establish more defined 
parameters for this oscillating accumulation by a broader examination of POP ratios in 
173 
other Antarctic trophic levels (i.e. prey species) compared to organisms in industrialized 
winter over regions. 
Future Directions 
To build on the concepts developed in this study, further monitoring of 
contaminants and stable isotopes in Antarctic seabirds should focus on the non-lethal 
sampling of statistically viable numbers of randomly selected birds. Uropygial oil has 
been identified as a reliable proxy for body burden in numerous seabird species and has 
been shown to have no negative impact on seabird breeding success (Johnston, 1976; Van 
den Brink, 1997; Goerke, eta/., 2004; Yamashita eta/., 2007). With proper permitting 
and an impact evaluation, I would design a study to sample uropygial oil and eggs for 
POPs, which would be reflective of long-term diet, and blood and/or feathers for stable 
isotopes, indicative of short-term diet, from southern giant petrel adults and chicks. One 
major goal of this study would be to further investigate the use of contaminant ratios as 
tracers of seabird egg nutrient sources in following with Chapter 4, and particularly the 
use of mirex as a tracer. In combination with contaminant data from the uropygial oil, 
blood would give some information about the exogenous diet ofthe sampled bird for 
comparison to egg contaminant and isotopes. Seasonal Antarctic diet and contaminant 
information could be obtained by plucking feathers and sampling preen oil from southern 
giant petrel chicks just prior to fledging in the fall. Serial blood samples in adults and 
chicks would also provide seasonal diet information comparing male and female diets to 
chick provisioning throughout the season. Finally, following in the work ofQuillfeldt et 
a/. (2005), and with more than one season to conduct this work, I would pluck a rectrix 
feather from a sample set of southern giant petrel adults, ideally just prior to winter 
migration, during season 1 to be resampled (plucked) in season 2, giving more reliable 
information about the winter diets of these birds. 
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Additional collections of regurgitated diet during the breeding season from males 
and females and the sampling of potential prey species around the Palmer Archipelago 
could provide information about the Antarctic diets of migratory seabirds, as well as 
further insight into the Antarctic source of mirex. This would ideally include Antarctic 
krill, and various species of fish and squid. Marine mammal work currently being 
conducted in this region may also illuminate southern giant petrel diet information. 
To conduct the above study, there are some practical considerations for analysis. 
Continued work to develop lab procedures to effectively analyze uropygial oil would 
expand the number of tracers that can be quantified. Currently, clean up procedures for 
these dense oil samples include the use of proprietary solid mixtures (Quetchers™), so 
continued investigation as to the effective components of this mixture will provide better 
separation ofundesired lipid and waxes from the solvent/contaminant extracts of these 
samples. Moreover, a gas chromatograph coupled with a triple quadrupole mass 
spectrometer would likely reduce or even eliminate the need for such extensive sample 
purification. 
Another practical consideration improving on the current work would be the 
development of stable isotope fractionation factors between the diets and eggs, blood, and 
feathers of southern giant petrels. An ideal scenario would involve captive seabirds 
monitoring changes in diet as relates to feather and blood stable isotopes or egg isotopes 
if the birds would lay in captivity. This would be very difficult to obtain for this species. 
Moreover, it must be noted that captive studies involve continuous feeding of the birds 
such that such data in southern giant petrels may not be directly transferable. Thus, I 
propose a multipronged approach to examining this problem. An intense field-
monitoring program could involve drawing blood from birds shortly following egg laying 
to provide knowledge of blood stable isotope signatures compared to albumen vs. yolk, 
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and insight into how isotopes are fractionated from bird diets. Finally, an examination 
comparing blood and feather fractionation factors to bird diets would be necessary to 
effectively use feathers as a proxy for winter diet information. 
Captive studies have examined fractionation factors in gentoo penguins 
(Pygoscelis papua) and great skuas (Catharacta skua; Bearhop et al., 2002; Cherel et al., 
2005), so there are some literature values that could be employed. However, more 
reliable information for wild birds would be drawn from examining the blood of petrel 
chicks during feather development. Building on work done by Quillfeldt et al. (2008) in 
other adult procellariiformes, I would propose to pluck growing feathers from chicks (i.e. 
feathers with blood in the calamus) and simultaneously collect blood to obtain 
comparative internal fractionation factors. Prior to feather and blood collection, the field 
monitoring component of the project would involve collections of spilled regurgitation 
from petrel adults to chicks providing some baseline for diet stable isotope signatures. 
In conclusion, while there are many potential uses of POPs as ecological tracers 
revealed by this body of work, the high levels of mirex in southern giant petrel eggs 
provides the most salient platform for future work. Though mirex is ubiquitous 
throughout the southern hemisphere, the Antarctic marine ecosystem provides a unique 
opportunity to use this contaminant as an ecological tracer. 
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Figure 1. A conceptual model demonstrating the movement of relic POPs, deposited on 
glacier ice during peak use, into the Antarctic marine ecosystem. Contaminants are 
locked in layered glacier ice (A). Surface meltwater percolates through glacier ice and 
combines with basal meltwater to dilute contaminant concentrations (B). Glacial 
meltwater disperses contaminants into coastal seawater (C) where phytoplankton 
communities are stabilized in the freshwater lens (D). Lipophilic POPs are scavenged by 
algal bloom communities (D), biomagnified by krill consuming these phytoplankton (E), 
and further biomagnified and concentrated as they move up the food web to Adelie 
penguins (F). 
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Figure 2. A conceptual model of POP accumulation in Antarctic migratory birds 
comparing accretion of heavily substituted PCBs with HCB from more industrialized 
winter foraging locations and summer Antarctic regions. This model does not represent a 
change in concentration, as both compounds are continually bioaccumulated, but rather 
the oscillating accumulation pattern. 
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